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Introduction 


This  Annual  Report  describes  in  abbre- 
viated form  some  of  the  latest  research 
performed  by  the  scientific  staff  and  visi- 
tors at  the  Geophysical  Laboratory  and  in 
collaboration  with  colleagues  from  other 
institutions.  It  is  the  third  year  that  we  have 
been  producing  the  Report  completely 
within  the  Lab  and  I  believe  that  this  has 
been  a  very  worthwhile  effort.  We  have 
received  many  comments,  mostly  encour- 
aging and  supportive,  regarding  the  Annual 
Report  and  we  plan  to  continue  its  publi- 
cation in  the  future. 

The  past  year  has  been  one  of  many 
changes  for  us.  After  being  located  for  85 
years  at  2801  Upton  Street  in  Washington, 
DC,  the  Geophysical  Laboratory  moved  to 
525 1  Broad  Branch  Road  during  the  month 
of  May.  At  this  address  we  occupy  a  new 
laboratory  building  funded  and  constructed 
by  the  Carnegie  Institution  to  house  both 
the  Geophysical  Laboratory  and  the  De- 
partment of  Terrestrial  Magnetism.  Al- 
though we  had  many  good  years  in  the 
former  building  and  were  sorry  to  leave 
such  a  convenient  location,  I  think  that  we 
are  all  pleased  with  our  new  quarters  and 
look  forward  to  increased  collaboration 
with  our  colleagues  from  DTM.  The  new 
building  provides  much  more  space  than 
we  had  before  and  supports  a  much  wider 
range  of  scientific  activities. 

Besides  constructing  the  new  laboratory 
building,  we  renovated  the  former  Cyclo- 
tron Building  to  provide  offices  and  clean 


labs  for  use  by  DTM  geochemists  involved 
in  analyses  of  trace  elements.  We  are  also 
renovating  the  original  DTM  building  built 
in  1913  to  accommodate  administrative 
offices,  the  combined  departmental  librar- 
ies, lecture  and  conference  rooms,  the  tra- 
ditional lunch  club,  and  offices  for postdocs 
and  visitors.  After  the  construction/reno- 
vation project  is  completed,  our  campus 
will  be  a  very  attractive  and  pleasant  place 
to  work. 

Even  though  we  spent  much  of  our  time 
during  the  past  year  in  preparing  for  the 
move,  the  period  was  a  productive  one  for 
the  Lab  with  research  topics  ranging  from 
field  and  experimental  studies  in  igneous 
and  metamorphic  petrology  through  crys- 
tallography-mineral physics,  and  biogeo- 
chemistry.  In  addition,  new  techniques  for 
different  kinds  of  isotopic  analysis  were 
developed  and  are  reported  here.  We  have 
an  outstanding  group  of  predoctoral  and 
postdoctoral  fellows  this  year  who  have 
made  significant  contributions  to  our  re- 
search productivity.  It  is  very  pleasing  to 
see  these  young  people  develop  and  become 
independent  and  resourceful  scientists. 

An  observation  that  one  can  make  after 
co-location  of  the  two  departments  is  that 
the  departmental  research  objectives  are 
very  complementary  and  that  there  is  little 
duplication  among  the  many  research 
projects  that  we  have.  The  combination  of 
the  Geophysical  Lab  fields  of  interest  dis- 
cussed above  with  the  seismology,  geo- 
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chemistry,  and  planetary  and  stellar  as-  of  problems.  The  co-location  project  is  off 

tronomy  of  DTM  clearly  broadens  our  per-  to  an  excellent  start  and  there  should  be 

spective  and  ability  to  address  a  wide  range  many  exciting  and  rewarding  days  ahead. 
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Igneous  and  Metamorphic  Petrology 
A.  Field  Studies 


Shallow  Mantle  Flow  Beneath  a  Major 

Convection  Center 

and  the  Formation  of"  Volcanic 

Hotspots 

T.  Neil  Irvine 

In  the  global  convection  framework 
concept  developed  by  the  writer  over  the 
past  several  years  (Irvine,  1989;  also  Annual 
Reports  1987-1988, 1988-1989),  the  Earth 
is  interpreted  as  having  an  orthogonal  ar- 
rangement of  six  primary  convection  cen- 
ters. Four  of  the  centers,  distributed  at  90°- 
intervals  on  the  one  great  circle,  appear  to 
mark  major  axes  of  upwelling.  Three  of 
them  are  identified  by  the  volcanic  hotspots 
of  Hawaii,  Iceland,  and  the  Balleny  Islands; 
and  the  fourth,  situated  near  the  Okavango 
delta  in  Botswana,  is  a  seismically  active 
locality  at  the  end  of  the  southwest  branch 
of  the  east  African  rift  valley  system.  The 
other  two  centers,  located  in  Peru  and  on 
the  edge  of  Vietnam,  are  associated  with 
major  subduction  systems  and  so  are  in- 
ferred to  be  axes  of  downwelling.  The 
convection  system  outlined  by  this  frame- 
work appears  to  have  moved  (rotated)  with 
geologic  time  in  ways  that  can  defined  by 
tectonic,  volcanic,  and  paleomagnetic 
events,  and  through  this  possibility  it  was 
suggested  that,  as  the  centers  of  upwelling 
have  migrated,  they  have  left  behind  wakes 
of  more  stationary  volcanic  centers  such  as 


comprise  the  global  hotspot  system  identi- 
fied by  Morgan  (1972).  The  present  report 
is  an  attempt  to  define  the  upper  mantle 
flow  structure  beneath  a  center  of  upwelling 
and  to  show  how  the  more  stationary 
hotspots  might  develop  from  this  type  of 
flow. 


The  Model 

In  the  analysis  to  follow,  thunderstorms 
are  used  as  models  to  illustrate  certain 
features  of  plume  convection  that  are  con- 
sidered important  in  the  present  context. 
These  features  are  then  developed  into  a 
mantle  plume  model,  and  it  is  combined 
with  published  seismic  data  to  derive  a 
shallow  mantle  flow  structure  for  Iceland. 
The  use  of  thunderstorms  as  models  of 
mantle  convection  will  no  doubt  seem 
strange,  but  their  convective  motions  have 
been  studied  extensively,  both  visually  and 
by  radar  techniques,  and  are  much  more 
orderly  than  one  might  first  think.  They 
have  special  interest  here  because  they 
involve  phase  changes — the  precipitation 
of  rain  and  hail — with  effects  that  might 
have  counterpart  in  mantle  plumes  but  that 
would  be  difficult  to  simulate  otherwise, 
especially  in  experimental  models. 

Figure  1  is  a  simplified  illustration  of 
the  early  development  of  a  tomadic  thun- 
derstorm (adapted  from  Klemp,  1987). 
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These  storms  form  at  meteorological  fronts 
where  cool,  relatively  dry  air  is  advancing 
against  warm  moist  air,  and  by  atmospheric 
standards,  they  tend  to  last  for  relatively 
long  periods  of  time  (up  to  several  hours)  as 
they  migrate  along  the  controlling  front. 
Their  duration  is  considered  important  here 
because,  if  the  global  convection  frame- 
work concept  is  valid,  then  any  mantle 
plume  activity  at  the  main  centers  of  up- 
welling  should  probably  be  a  relatively 
continuous  process,  not  a  singular  event. 

The  main  structural  features  of  a  tor- 
nadic  thunderstom  are  steep  paired  vorti- 
ces formed  by  tilting  of  the  horizontal 
vorticity  that  develops  between  the  layers 
of  moist  and  dry  air  because  of  their  different 
directions  of  flow.  The  paired  vortices  lift 
the  moist  air  almost  vertically  through  the 
drier  air  despite  its  lateral  flow  and,  thus, 
impart  the  storm  cloud  with  its  towering 
plumelike  form.  It  is  only  at  the  top  of  the 
upwelling,  above  the  vortices,  that  cloud 
material  is  extensively  swept  away  by  the 
lateral  flow. 

The  forcing  influence  that  initiates  the 
tilting  of  the  vorticity  is  probably  some 
localized  heating  event  at  ground  level,  but 
the  continuing  forces  come  from  the  ex- 
pansion of  this  air  as  it  rises  (Fig.  1A). 
Eventually,  however,  cooling  of  the  air  and 


the  precipitation  of  the  rain  and  hail  come 
into  play,  and  they  cause  the  vortices  to 
loop  over  at  a  high  elevation  and  return  to 
the  ground  as  pronounced  downdrafts  (Fig. 
1 B).  At  the  ground,  the  cooled  air  advances 
between  the  low-pressure  centers  associ- 
ated with  the  updrafts  to  form  a  gust  front 
ahead  of  the  storm.  In  Fig.  IB,  the 
downdrafts  are  portrayed  as  being  in  line 
with  the  updrafts,  but  in  reality,  they  track 
somewhat  behind  them  (see  Wallace  and 
Hobbs,  1977,  pp.  240-250).  The  composite 
vortex  structure  is  called  a  supercell  thun- 
derstorm. 

The  following  observations  concern  the 
possible  application  of  the  above  features 
to  mantle  plumes: 

1.  In  contrast  to  larger  forms  of  atmo- 
spheric circulation  (such  as  hurricanes), 
thunderstorm  vortices  are  almostunaffected 
by  the  Coriolis  force  (Klemp,  1987,  p. 
373).  This  point  is  emphasized  because  the 
Coriolis  force  is  theoretically  negligible 
in  the  convection  of  the  mantle  owing  to  its 
high  viscosity  (Richter,  1973).  Any  mantle 
vorticity  must  have  other  origins,  hence  the 
thunderstorm  mechanism  is  of  interest. 

2.  The  formation  of  the  vertical  vortices 
by  the  tilting  of  horizontal  vorticity  is 
considered  especially  intriguing  because, 
in  the  scheme  of  mantle  convection  that  has 


Fig.  1.  Schematic  development  of  a  tornadic  thunderstorm  (adapted  from  Klemp,  1987,  Fig.  3).  In 
A,  the  vorticity  signified  By  the  heavy  lines  has  the  sense  of  rotation  indicated  by  the  circular  arrows. 
It  derives  from  the  different  flow  directions  of  the  two  kinds  of  air  and  is  tilted  into  upwelling  paired 
vortices  by  the  "forcing  influences"  indicated  by  the  stippled  vertical  arrows  (see  text  for  explanation). 
The  vortex  circulation  maintains  the  cloud  as  an  almost  vertical  plume  despite  the  horizontal  flow  of 
the  air  around  it;  the  force  responsible  is  signified  by  the  open  arrow  in  the  inset  (a),  which  depicts  the 
paired- vortex  flow  pattern  in  norizontal  section.  In  B,  cooling  of  the  moist  air  and  precipitation  of  its 
moisture  tilt  the  vortices  again,  causing  them  to  loop  over  and  become  downdrafts.  The  cylindrical 
arrows  indicate  the  flow  of  moist  air  into  the  storm  near  the  ground,  and  the  dispersal  of  the  cloud  at 
the  top. 
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Fig.  2.  Diagrammatic  construction  of  a  mantle  plume  supercell  model.  The  flow  patterns  in  A  and  B 
are  from  Figure  1(a).  They  are  combined  in  C,  and  it  is  intermediate  between  D  and  E,  which  compare 
with  Figure  1(b). 

been  developed  in  relation  to  the  global 
framework  (Irvine,  1989,  Figs.  20-23),  the 
convection  of  the  upper  mantle  is  highly 
stratified;  the  400-  and  670-km  seismic 
discontinuities  are  both  major  interfaces; 
and  the  670-km  interface  features  exten- 
sive thermal  coupling  and,  thus  (because 
this  type  of  coupling  involves  different 
directions  of  flow  for  the  layers  above  and 


below),  could  be  a  major  source  of  horizon- 
tal vorticity. 

3.  Also  in  the  proposed  global  convec- 
tion system,  the  four  primary  centers  of 
upwelling  each  has  an  associated  potential 
forcing  influence  that  could  tilt  the  hori- 
zontal vorticity,  because  the  main  upwelling 
in  the  lower  mantle  focuses  on  the  670-km 
discontinuity  directly  beneath  them  (cf. 
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Irvine,  1989,  Figs.  21-23).  It  is  notable  too 
that  the  settings  of  the  Iceland  and  Balleny 
centers,  respectively  on  and  near  mid-ocean 
ridges,  are  not  unlike  weather  fronts  in  that 
the  ridges  delineate  junctions  between 
mantle  zones  that  have  had  different  histo- 
ries, just  like  weather  fronts  are  junctions 
between  air  masses  of  different  derivation. 
4.  The  effect  of  the  rain  and  hail  in 
causing  the  upwelling  thunderstorm  vorti- 
ces to  loop  over  and  become  downdrafts 
may  have  a  counterpart  in  mantle  plumes 
deriving  from  the  formation  and  separation 
of  melt  (magma).  In  the  same  way  that 
upwelling  in  a  cloud  causes  condensation 
of  moisture  (through  the  quasi-adiabatic 
relaease  of  pressure),  upwelling  in  a  mantle 
plume  can  lead  to  partial  melting.  A 
comparable  physical  effect  might  then  de- 
velop with  the  collection  and  removal  of 
the  melt  (e.g.,  by  volcanism)  at  the  top  of 
the  plume.  The  solid  restite  that  is  left 
behind  might  be  too  dense  to  remain  near 
the  surface  under  conditions  of  continued 
flow  and,  thus,  might  plunge  back  into  the 
mantle  near  the  upwelling  flow,  much  like 
a  thunderstorm's  downdrafts  descend  next 
to  its  updrafts. 

On  the  basis  of  the  above  consider- 
ations, paired  vortex  structures  like  those 
in  thunderstorms  are  used  in  Figure  2  to 
construct  a  mantle  plume  supercell  model. 
The  figure  requires  little  explanation  (see 
caption),  but  because  the  viscosity  differ- 
ence between  atmosphere  and  mantle  is  so 
enormous,  it  is  emphasized  that  flow 
patterns  like  those  in  diagrams  A  and  B 
(with  the  upwelling  and  downwelling 


symbols  excluded)  have  been  observed  in 
many  kinds  of  density  currents  and  apply 
whether  the  currents  are  rising,  descend- 
ing, or  flowing  laterally;  whether  they  are 
natural,  experimental,  or  theoretical; 
whether  they  are  two  or  three  dimensional; 
and  whether  the  actual  or  inferred  environ- 
ment is  the  atmosphere,  an  ocean  or  other 
body  of  water,  a  magma  chamber,  or  the 
mantle  (e.g.,  see  Bradley,  1965;  Irvine, 
1979a,  b;  Olson  and  Singer,  1985;  Perry 
and  Chong,  1987,  Fig.  17;  Campbell  etai, 
1989). 


Application  to  Iceland 

The  seismic  data  from  Iceland  are  P- 
wave  velocity  variations  plotted  for  four 
depth  intervals  extending  from  the  surface 
to  375  km  (Fig.  3).  The  data  are  from 
Tryggvason  et  al.  (1983,  Fig.  4),  but  the 
maps  have  been  recontoured  for  slightly 
more  consistency.  The  anomaly  patterns 
are  complicated  in  detail,  but  in  all  four 
maps,  they  are  more  or  less  centered  with 
respect  to  the  island  (at  about  64.5-65 .0°N, 
18.5°-19.0°W),  with  negative  (seismically 
slow)  anomalies  predominant  beneath  it, 
and  discrete  positive  anomalies  fringing  its 
edges. 

The  usual  interpretation  of  these  kinds 
of  data  is  that  the  slow  regions  are  "soft" 
because  of  higher  temperatures — and  per- 
haps partial  melting — and  the  fast  regions 
are  relatively  cool.  (This  premise  seems 
especially  well  justified  in  the  shallowest 
depth  interval,  A,  where  a  pronounced 
negative  anomaly  covers  the  northern  part 
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of  the  Icelandic  rift  zone  around  the  active 
volcano,  Krafla,  and  then  extends  northwest 
to  the  Kolbeinsey  segment  of  the  mid- 
ocean  ridge  system.)  The  present  interpre- 
tations go  one  step  further,  however,  in  that 
slow  regions  are  assumed  generally  to 


signify  convective  up  welling,  and  fast  re- 
gions, downwelling. 

The  interpretations,  presented  in  Figure 
4,  represent  an  attempt  to  adapt  the  supercell 
flow  patterns  of  Figure  2  to  the  seismic 
anomalies  of  Figure  3.  The  resulting  pat- 
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terns  obviously  are  somewhat  fanciful,  but 
they  bring  out  a  certain  unity  between  the 
anomalies  for  the  different  depths  that  is 
not  otherwise  conspicuous,  and  they  evolve 
with  decreasing  depth  in  ways  that  seem 
geologically  reasonable. 


The  clearest  seismic  indication  of  paired 
up  welling  vortices  is  in  Figure  3C,  for  175- 
275  km  depth.  It  shows  separate  negative 
anomalies  under  the  north  and  south-cen- 
tral parts  of  Iceland  with  a  positive  anomaly 
intervening  from  the  west  in  a  pattern  rather 
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similar  to  a  thunderstorm  structure  (cf. 
Klemp,  1987,  Fig.  6).  At  greater  depth 
(275-375  km),  there  is  only  one  negative 
anomaly  beneath  the  island,  but  it  has 
lobelike  corners  on  the  northeast  and 
southeast  that  suggest  pairing,  and  there 
are  two  positive  anomalies  to  the  west  that 
can  be  interpreted  as  paired  downdrafts  (cf. 
Figs.  3D  and  4D).  Nearer  the  surface,  at  75- 
175  km,  the  island  is  ringed  by  an  oval  halo 
of  negative  anomalies  (Fig.  3B),  and  the 
interpretation  (Fig.  4B)  suggests  that  the 
supercell  is  starting  to  break  up,  with  a 
downdraft  to  the  northwest  being  isolated 
by  a  short-circuiting  current  that  flows, 
first,  west  from  an  updraft  under  Krafla 
and,  then,  south  to  beneath  the  Reykjanes 
segment  of  the  Mid- Atlantic  Ridge. 

In  the  interpretation  of  the  shallowest 
depth  interval  (Fig.  4A),  flow  from  paired 
upwelling  vortices  under  the  eastern  rift 
zone  of  Iceland  is  mostly  channeled  under 
the  mid-ocean  ridge  system,  to  the  north  as 
well  as  the  southwest  (in  a  way  that  is 
reminiscent  of  the  dispersal  of  the  top  of  the 
thunderstorm  cloud  in  Fig.  1).  A  small 
downwelling  vortex  is  indicated  under  the 
large  Snaefellsnes  volcano  at  the  tip  of  the 
western  pennisula  of  the  island,  and  another 
more  speculative  one  is  shown  under  the 
volcanoes  of  Hecla  and  the  Vestmann  Is- 
lands along  the  south  coast.  All  these 
volcanoes  are  mildly  alkalic  (at  least  by 
Icelandic  standards),  and  a  suggested  pos- 
sibility is  that  the  magmas  represent  evolved 
residual  melt  released  by  the  plume  flow 
just  as  it  enters  the  downdrafts.  The  chan- 
neling of  the  plume  material  along  the  ridge 
system  presumably  would  control  much  of 


Primary 
center  of 
upwelling 


Standing 

vortex 

(hotspot) 


Hotspot  vortex 
shed 


4-Axisof 
crustal 
spreading 


Fig.  5.  Schematic  flow  pattern  for  a  migrating 
convection  center  plume  from  which  two  second- 
ary hotspot  plumes  have  separated. 


the  ocean-floor  spreading  near  Iceland,  a 
possibility  that  accords  with  the  "thunder- 
head  plume"  proposed  by  Schilling  (1973) 
for  the  Icelandic  mantle  on  the  basis  that 
basalts  on  the  island  and  along  the  Reykjanes 
Ridge  gradually  change  is  their  trace  ele- 
ment and  isotopic  characteristics  in  ways 
that  suggest  the  mixing  of  magmas  from 
separate  plume  and  ridge  sources  (see  also 
Hart  eta/.,  1973). 


GEOPHYSICAL  LABORATORY 
Formation  of  More  Stationary  Hotspots 

If  the  vortex  structures  proposed  above 
are  even  approximately  valid  for  mantle 
plumes  at  the  primary  global  centers  of 
upwelling,  then  a  likely  way  for  more  sta- 
tionary hotspots  to  form  in  the  association 
with  these  centers  as  they  migrate  (cf .  Irvine, 
1989,  Fig.  27)  is  by  vortex  shedding.  The 
details  are  uncertain,  but  Figure  5  illustrates 
the  process  schematically.  A  primary  cen- 
ter is  shown  opening  a  lithospheric  spread- 
ing zone  through  the  action  of  its  paired 
vortices,  and  it  has  released  two  standing 
vortices  that  could  become  relatively  sta- 
tionary volcanic  centers.  Notably,  the 
volcanic  hotspots  of  Fiji,  the  Cape  Verde 
Islands,  and  the  Galapagos  all  have  spiral- 
shaped  to  annular  topographic  patterns  that 
suggest  vortex  control. 
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Graphite-Bearing  Mantle  Xenoliths 

From  the  Kaapvaal  Craton:  Implications 

for  Graphite  and  Diamond  Genesis 

D.  Graham  Pearson**,  Francis  R.  Boyd, 
and  Peter  H.  Nixonm 


Introduction 

Primary  native  carbon  crystallized  as 
either  diamond  or  graphite  is  uncommon  in 
peridotite  xenoliths  from  deep-seated 
kimberlites  and  lamproites.  Studies  of  the 
few  diamondiferous  peridotites  discovered 

*Dept.  of  Terrestrial  Magnetism,    5241  Broad 
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Fig.  6.  Raman  spectra  of  graphite  from  peridotite 
FRB888  (courtesy  Dr.  J.  Fastens);  this  graphite  is 
typical  of  those  occurring  in  the  xenoliths  listed  in 
Table  1. 


diamonds  show  a  limited  range  of  carbon 
isotopic  composition  in  contrast  to  a  wide 
range  of  values  for  eclogitic  diamonds. 
The  interpretation  of  this  difference  is  con- 
troversial but  might  be  clarified  by  study  of 
the  isotopic  relations  of  mantle  graphite. 
Carbon  isotopic  data  together  with  mineral 
compositions  and  thermobarometric  esti- 
mates for  6  graphite  bearing  peridotite  xe- 
nolitns are  presented  herein  with  the  aim  of 
improving  the  characterization  of  the  dis- 
tribution and  origin  of  graphite  in  the  upper 
mantle. 


in  southern  Africa,  the  Soviet  Union  and 
Australia  have  important  application  to  the 
origin  of  diamond  and  for  this  reason  these 
rocks  have  been  more  fully  described  than 
their  graphite-bearing  counterparts  (Wil- 
liams, 1932;  Dawson  and  Smith,  1975; 
Pokhilenko  et  aL,  1977;  Robinson  et  al., 
1984;  Jaques  et  al.,  1990).  The  number  of 
graphite  bearing  peridotite  xenoliths  re- 
covered may  be  of  the  order  of  several  tens 
worldwide  but  these  have  received  only 
brief  documentation  and  some  may  have 
been  lost  (Wagner,  1916;  Mathias  et  al., 
1970;  Nixon  and  Boyd  1973a;  Boyd  and 
Nixon  1975;  Nixon  et  al.,  1987;  Field  and 
Haggerty,  1990).  Despite  their  relative 
rarity  in  xenoliths,  graphite  and  diamond 
may  be  important  accessory  phases  in  the 
mantle  in  terms  of  influencing  the  upper 
mantle  oxygen  fugacity  (e.g.  Eggler  and 
Baker,  1982).  Moreover,  occurrences  of 
graphite  and  diamond  in  mantle  xenoliths 
provide  important  evidence  of  their  depths 
of  origin  and  have  been  used  to  calibrate 
pyroxene  geobarometers  (Finnerty  and 
Boyd,  1987;  McKenzie,  1989).  Peridotitic 


Graphite  Habit  and  Crystallinity 

Primary  graphite  occurs  in  coarse,  low- 
temperature  peridotites  as  single  subhedral 
to  euhedral  flakes  or  multicrystalline 
"stacks"  of  flakes  varying  in  size  from  0.2 
to  3  mm  across  their  basal  plane;  its  iden- 
tification has  been  confirmed  by  x-ray 
crystallography  and  Raman  spectroscopy. 
The  graphite  has  an  interstitial  habit  in  the 
specimens  studied  in  this  investigation,  but 
Field  and  Haggerty  ( 1 990)  reported  graphite 
as  inclusions  in  garnet  and  clinopyroxene 
in  peridotite  xenoliths  from  the 
Jagersfontein  pipe.  Graphite  is  commonly 
found  in  only  trace  amounts  (<0. 1  %),  but  it 
forms  approximately  5%  of  an  amphibole 
bearing  specimen,  PHN5633,  from 
Jagersfontein.  This  peridotite  contains  over 
10  separate  "stacks"  of  graphite  crystals 
that  appear  to  be  spatially  associated  with 
the  amphibole  (pargasite). 

All  the  graphite  observed  in  the  xenoliths 
studied  is  macrocrystalline  and  does  not 
exhibit  any  of  the  characteristics  of  the  fine 
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TABLE  1  Carbon  Isotopic  Compositions  (%o  relative  to  the  PDB  standard)  and  Lithologies  of 
Graphitic  Xenoliths  from  Southern  Africa. 


Sample 

Locality 

Lithology 

<513C%oPDB 

E-8 

Thaba  Putsoa 

Gt  harzburgite 

-9.8* 

PHN  1569 

Thaba  Putsoa 

Gt  lherzolite 

-6.7* 

PHN  2492 

Kao  No.2 

Low-Ca 

Gt  harzburgite 

-5.8 

PHN  5633  (a) 
PHN  5633  (c) 
PHN  5633  (d) 

Jagersfontein 
« 

Pargasite 

bearing 

Gt  harzburgite 

-6.9 
-6.3 
-7.9 

SEH  84-500  (a) 
SEH  84-500  (b) 

Jagersfontein* 

Garnet 
harzburgite 

-5.4 
-4.8 

FRB888 

Bultfontein 

Gt  harzburgite 

-5.0 

Analyses  performed  by  DGP  at  The  Open  University,  U.K.,  except  those  denoted  by  *  which  were  done 
at  the  Geophysical  Laboratory  by  D.  Velinsky  and  P.  Koch.  Sample  numbers  followed  by  lower  case 
letters  in  parentheses  are  analyses  of  graphite  from  different  parts  of  the  same  xenolith.  For  more  detailed 
description  of  SEH  84-500,  marked*,  see  Field  and  Haggerty  (1990).  Carbon  isotopic  data  have  not  yet 
been  obtained  for  samples  2265,  2826B  and  4258. 


grained  (<25um)  graphite  of  secondary 
origin  described  by  Pasteris  (1981).  X-ray 
analysis  of  graphite  fromperidotite  FRB888 
indicates  the  graphite  is  well  ordered  (d^2 
=3.340  A)withwellresolvedll2andll4 
lines .  Raman  spectroscopy  has  been  shown 
to  be  a  sensitive  indicator  of  graphite 
crystallinity  in  rocks  (Pasteris  and  Wopenka, 
1990)  and  is  capable  of  detecting  changes 
in  graphite  crystallinity  that  reflect  tem- 
perature conditions  ranging  from  below 
greenschist  to  granulite  facies.  A  Raman 
spectrum  for  graphite  from  FRB888  ob- 
tained by  Pasteris  (Fig.  6)  confirms  that  the 
graphite  is  fully  crystalline  with  a  well 
defined,  single  first-order  peak  at  1581  cnr 
!,  and  a  single  second-order  band  at  ~2700 
cnr1.  The  spectrum  is  similar  to  those  of 
other  graphites  crystallized  at  granulite  fa- 


cies (Pasteris  and  Wopenka,  1990)  hence 
indicating  that  the  graphite  in  FRB888  is  of 
high  temperature  origin.  This  contrasts  with 
graphite  inclusions  in  kimberlitic  olivine 
studied  by  Pasteris  (1988)  which  have  an 
additional  disorder-induced  peak  at  about 
1350  cm-l  and  an  in-plane  crystallite  size 
of  -  250  A,  indicative  of  low  temperature 
(<400°C)  crystallization,  probably  during 
serpentinization  (Pasteris,  1988). 


Xenolith  Petrography  and 
Mineral  Compositions 

The  graphite  peridotites  studied  in  this 
investigation  include  garnet  harzburgites 
exhibiting  variable  depletion  in  Ca  as  well 
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Table  2  Compositions  of  Minerals  in  Graphite-bearing  Peridotites  from  Southern  Africa,  wt%. 


PHN  5633 

FRB 

888 

OLV 

OPX 

GAR 

AMP 

SPN 

OLV 

OPX 

GAR 

SPN 

Si02 

41.5 

57.5 

41.5 

45.6 

0.13 

41.4 

58.0 

42.1 

0.12 

Ti02 

<0.03 

<0.03 

<0.03 

<0.03 

0.04 

<0.03 

<0.03 

<0.03 

0.09 

AI2O3 

<0.03 

0.68 

22.3 

11.7 

15.8 

<0.03 

0.75 

20.4 

10.4 

Cr203 

<0.03 

0.18 

2.03 

2.07 

52.3 

<0.03 

0.36 

4.79 

59.8 

Fe203* 

- 

- 

- 

- 

2.76 

- 

- 

- 

2.85 

FeO 

7.56 

4.23 

7.87 

2.08 

13.8 

6.69 

4.09 

6.41 

12.8 

MnO 

0.08 

0.09 

0.49 

0.05 

0.27 

0.08 

0.11 

0.36 

0.32 

MgO 

51.9 

37.3 

20.6 

20.4 

13.1 

52.1 

37.0 

22.3 

13.5 

CaO 

<0.03 

0.18 

5.03 

11.1 

<0.03 

<0.03 

0.32 

4.63 

<0.03 

Na20 

nd** 

<0.03 

<0.03 

3.64 

nd 

nd 

0.07 

<0.03 

<0.03 

K20 

nd 

nd 

nd 

0.44 

nd 

nd 

nd 

nd 

nd 

NiO 

0.38 

0.07 

<0.03 

_J]d 

0.05 

0.42 

on 

<0.03 

0.13 

Totals 

101.4 

100.2 

99.8 

97.1 

98.3 

100.7 

100.8 

101.0 

100.0 

PHN  2492 

E-8 

PHN  4258 

OLV 

OPX 

GAR 

OLV 

OPX 

GAR 

SPN 

OLV 

OPX 

SPN 

Si02 

41.3 

58.2 

42.5 

40.8 

57.3 

41.8 

0.21 

40.7 

57.7 

0.03 

Ti02 

<0.03 

<0.03 

<0.03 

<0.03 

<0.03 

<0.03 

0.03 

<0.03 

<0.03 

<0.03 

A1203 

<0.03 

0.66 

19.3 

<0.03 

0.79 

19.3 

10.5 

<0.03 

1.66 

28.8 

Cr203 

0.03 

0.38 

6.65 

<0.03 

0.36 

6.04 

58.3 

<0.03 

0.37 

40.2 

Fe203* 

- 

- 

-- 

- 

- 

3.59 

- 

- 

2.93 

FeO 

6.64 

4.05 

6.04 

6.93 

3.84 

6.13 

11.3 

6.73 

4.32 

8.90 

MnO 

0.10 

0.10 

0.34 

0.12 

0.12 

0.33 

0.26 

0.08 

0.11 

0.20 

MgO 

51.7 

37.0 

22.6 

52.3 

35.8 

20.5 

14.3 

51.4 

36.8 

17.7 

CaO 

0.04 

0.34 

4.27 

0.03 

0.43 

6.12 

<0.03 

<0.03 

0.36 

<0.03 

Na20 

<0.03 

<0.03 

<0.03 

nd 

0.04 

<0.03 

nd 

nd 

<0.03 

nd 

K20 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

hd 

NiO 

0.39 

.nd 

jd 

0.44 

-fld 

_M 

0.04 

0.40 

0.07 

0.05 

Totals 

100.2 

100.7 

101.7 

100.6 

98.7 

100.2 

98.5 

99.3 

101.4 

98.5 

Localities:  PHN  5633,  Jagersfontein;  FRB  888,  Bultfontein;  PHN  2492,  Kao;  E-8,  Thaba  Putsoa; 

PHN  4258,  Letseng-la-Terai 
OLV:  olivine,  OPX:  orthopyroxene;  GAR:  garnet;  AMP:  amphibole;  SPN:  spinel 
*  calculated  from  the  mineral  formula 
**  not  determined 
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as  garnet  lherzolites  and  a  spinel  peridotite. 
All  of  these  xenoliths  are  coarse,  low-tem- 
perature peridotites  derived  from  the 
Kaapvaal  lithosphere.  Graphite  has  not  been 
found  in  sheared,  high-temperature  peri- 
dotites although  in  off-craton  areas  some  of 
these  high-temperature  peridotites  appear 
to  have  originated  in  the  graphite  stability 
field  (Finnerty  and  Boyd,  1987). 
Harzburgites  PHN2492  and  2826B  contain 
low-Ca  garnets  whereas  those  in  FRB888 
and  E-8  are  Ca-saturated  (Table  2,  Nixon  et 
ai,  1987).  Garnet  lherzolite  PHN1569  is  a 
typical,  coarse,  depleted  peridotite  con- 
taining sparse  flakes  of  graphite  (Nixon 
and  Boyd,  1973b).  The  garnet  in  lherzolite 
PHN2265  has  been  completely  replaced  by 
rounded  masses  of  kelyphite  pseudomor- 
phs  confirm  its  original  presence  (Nixon 
and  Boyd,  1 973a).  One  amphibole  peridotite 
(PHN5633)  containing  graphite  has  been 
analyzed  in  this  investigation  (Tables  1  and 
2)  and  others  have  been  studied  by  Field 
andHaggerty(1990).  Graphite  in  PHN425  8 
accompanies  aluminous  enstatite  and  an 
Al-rich  spinel  (Table  2),  typical  of  spinel 
facies  peridotites  of  shallow  mantle  origin. 
A  number  of  the  graphite  peridotites 
contain  sparse  grains  of  Cr  spinel.  The 
ferric  to  ferrous  iron  ratios  for  these  chro- 
mites,  calculated  from  the  electron  probe 
analyses  reflect  oxidation  state  as  well  as 
partition  with  pyroxene  and  garnet.  The 
average  Fe3+/(Fe3+  +  Fe2+)  ratios  for  Cr 
spinel  in  graphite  garnet  peridotites  (0. 1 85 , 
a  =  0.057)  is  not  significantly  different 
from  those  of  Cr  spinel  in  either  graphite- 
free  garnet  peridotites  (0.214,  cr=  0.058)  or 
spinel  facies  peridotites  (0.145,  o-  0.040). 


Thermobarometry 

Temperature-pressure  estimates  for 
graphite-bearing  garnet  peridotites,  derived 
in  part  from  the  data  in  Table  2,  range 
widely  from  those  corresponding  to  rela- 
tively shallow  levels  of  the  upper  mantle  to 
those  for  depths  close  to  the  diamond- 
graphite  transition  (Fig.  7).  Moreover,  the 
graphite-bearing  spinel  harzburgite 
(PHN4258,  Table  1)  is  believed  to  have 
originated  at  depths  more  shallow  than 
those  represented  by  any  of  the  garnet 
peridotites. 

A  given  geothermometer  cannot  be  used 
for  all  the  graphite-  and  diamond-bearing 
garnet  peridotites  because  of  the  differ- 
ences in  mineral  assemblages.  A  pyroxene 
solvus  thermometer  can  obviously  not  be 
used  for  the  harzburgites  that  lack  diopside. 
Additionally  the  garnet  in  two  of  the  car- 
bonaceous lherzolites  (PHN2265  and  N40) 
has  been  completely  altered  to  kelyphite 
preventing  application  of  Fe/Mg  OLV/G  AR 
and  OPX/GAR  thermometers.  Neverthe- 
less, there  are  a  sufficient  number  of 
specimens  to  provide  plots  that  show  con- 
sistent patterns  using  a  variety  of  ther- 
mometers. 

Estimates  for  the  pressures  of  equili- 
bration of  the  graphite  peridotites  are  pre- 
dominantly less  than  those  made  for  the 
diamondiferous  peridotites  (Fig.  7).  This 
pattern  mirrors  the  stability  relations  of 
diamond  and  graphite  and  provides  inde- 
pendent support  for  the  belief  that  the 
graphite  is  of  primary  origin.  The  consis- 
tency is  not  perfect,  however,  because  points 
for  the  graphite  harzburgite  PHN2492  plot 
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Fig.  7.   Estimates  of  equilibration  conditions  of 

Maphite  peridotites  (solid  circles,  numbers)  and 
amondiferous  peridotites  (open  triangles,  let- 
ters) made  with  three  geotnermometers  and  a 
common  barometer.  References  for  the  ther- 
mometers and  barometers  are:  FB86  (Finnerty 
and  Boyd,  1987),  OW79  (O'Neill  and  Wood, 
1979),  HA84  (Harley,  1984)  andM74  (MacGregor, 
1974);  all  of  which  are  summarized  in  Finnerty 
and  Boyd,  1987.  Sources  of  data  for  the  peridotite 
xenoliths  are  (1)  PHN2826B,  Liqhobong  (Nixon 
et  a/.,  1987);  (2)  PHN5633,  iagersfontefn'  Table 
2:  (3)  PHN1569,  Thaba  PutsoaTBoyd  and  Finger, 
1975);  (4)  PHN2265.  Kao  (Nixon  and  Boyd, 
1973a);  (5)  FRB883  (Princeton  No.  7427), 
Bultfontein,  Table  2:  (6)  E-8,  Thaba  Putsoa,  Table 
2;  (7)  PH^2492,  itao,  Table  2;  (A)  BD2125, 
Mothae  (Dawson  and  Smith,  1975)- (&  &C)  XM48 
and  XM46,  Finsch  (Shee  et  al,  1982);  (D)  N40, 
Argyle  (Jaques  etal,  1990}-  (E)  255/75,  Udachnaya 
(Boyd  andTinnerty,  1980V 


at  pressures  a  little  higher  than  those  for 
diamondiferous  lherzolite  BD2125  in  the 
diagrams  calculated  for  the  Fe/Mg  GAR/ 
OLV  and  GAR/OPX  thermometers  (Fig. 
7).  This  discrepancy  could  be  interpreted  as 
evidence  for  metastable  crystallization  in  a 
limited  pressure  range,  probably  of  graph- 
ite, but  in  fact  the  discrepancy  is  within  the 
uncertainties  in  application  of  the  ther- 
mometers and  barometer.  The  tempera- 
ture-depth plot  made  by  using  a  diopside 
solvus  thermometer  (FB86,  Finnerty  and 
Boyd,  1 987)  fits  the  diamond-graphite  curve 
determined  by  experiment  (Kennedy  and 
Kennedy,  1976)  very  closely.  Plots  obtained 
for  the  Fe/Mg  thermometers  (Fig7  B  and  C) 
show  a  somewhat  larger  divergence.  The 
greater  divergence  is  an  imperfection  of  the 
thermometer-barometer  combination. 

Carbon  Isotopic  Data 

Graphite  from  the  peridotite  xenoliths 
shows  a  range  in  <513C  from  -4.8  to  -9.8  %o 
with  no  clear  mode  (Table  1 ).  Analysis  of 
graphite  from  the  amphibole  bearing  peri- 
dotite (PHN5633)  shows  up  to  1.6  %o 
variation  between  different  graphite  clus- 
ters. Amphibole  is  a  relatively  common 
phase  in  Jagersfontein  peridotites  and  is 
thought  to  be  a  product  of  metasomatic 
fluid  infiltration  (Field  et  a/.,  1989, 
Winterburn  et  a/.,  1990).  The  spatial  rela- 
tionship of  graphite  with  amphibole  in 
PHN5633  may  therefore  indicate  that  the 
graphite  is  also  of  metasomatic  origin  and 
that  the  £13C  variation  within  this  sample 
may  be  a  result  of  different  periods  of 
graphite  deposition  from  a  fluid  that  became 
progressively  more  fractionated  in  terms  of 
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Fig.  8.  Carbon  isotope  data  for  peridotite  graphites 
compared  to  the  range  shown  by  diamonds  con- 
taining peridotite  suite  inclusions  and  to  CO2 
from  MORB.  Open  squares  are  graphite  analyses 
from  anhydrous  peridotites,  filled  squares  repre- 
sent graphite  from  the  amphibole-bearing  xeno- 
lith  PHN5633.  Solid  bars  on  ranges  indicated  for 
MORB  and  peridotite  suite  diamonds  encompass 
95%  of  the  analyses.  Additional  data  from  Sobolev 
etal  (1979),  Deines  etal  (1984,1987),  Mattey 
et  al.  (1984)  and  Taylor  (1986). 


<513C.  Zones  of  locally  intense  metaso- 
matic  carbon  deposition  may  explain  the 
occurrence  of  peridotites  with  up  to  60% 
graphite  from  the  Premier  kimberlite 
(Mathias  et  a/.,  1970). 

The  carbon  isotopic  compositions  of 
graphites  in  the  xenoliths  may  be  directly 
compared  with  those  of  diamond  due  to  the 
small  (<1  %o)  carbon  isotopic  fractionation 
between  diamond  and  graphite  at  mantle 
temperatures  (Bottinga,  1969).  The  range 
of  51  3C  values  shown  by  the  graphitic  peri- 
dotites (Fig.  8)  is  within  the  relatively  re- 
stricted range  shown  by  most  peridotite 
suite  diamonds  defined  by  Deines  (1984, 
1987)  and  Sobolev  et  al.,  (1979).  Only  one 
diamond  that  is  clearly  of  peridotitic  origin 
has  been  found  to  have  a  carbon  isotopic 
composition  lower  than  the  lightest  graph- 
ite [E-8  (-9.8%o)  Fig.  8]. 

All  the  peridotitic  graphite  in  Table  1 
falls  within  a  few  %o  of  the  weighted  mean 
<513C  of  ~  -l%o  calculated  from  over  500 
analyses  of  diamonds  from  southern  Afri- 


can kimberlites  (Deines,  1990);  95%  of 
peridotite  suite  diamonds  have  isotopic 
compositions  within  5%o  of  this  mean.  The 
peridotitic  graphites  are  also  close  to  the 
range  of  carbon  isotope  compositions  shown 
by  most  MORB  (ie  -5  to  -8%o;  e.g.,  Mattey 
eta/.,1984;  Taylor,  1986).  The  MORB  val- 
ues probably  represent  the  typical  <513C 
range  shown  by  asthenospheric  mantle. 


Conclusions 

Plots  of  P-T  estimates  for  most  dia- 
mond- and  graphite-bearing  peridotite  xe- 
noliths are  consistent  with  the  diamond- 
graphite  equilibrium  boundary  (Fig.  7). 
This  consistency  is  evidence  that  these 
minerals  have  crystallized  stably  in  most 
peridotites  and  support  is  thus  provided  for 
use  of  the  occurrences  of  diamond  or 
graphite  in  peridotites  to  test  the  accuracy 
of  the  geothermometers  and  barometers 
(e.g.,  Finnerty  and  Boyd,  1987;  McKenzie, 
1989). 

Pressure-temperature  estimates,  mineral 
chemistry  and  textural  evidence  indicate 
that  the  graphitic  peridotite  xenoliths  studied 
here  are  derived  from  the  cratonic  lithos- 
phere  beneath  southern  Africa.  Peridotite 
suite  diamonds  are  also  believed  to  have 
crystallized  in  the  base  of  the  continental 
lithosphere  (Boyd  and  Gurney,  1986).  The 
total  carbon  isotopic  range  shown  by  most 
peridotite  suite  diamonds  and  graphite  from 
peridotites  is  within  ~  4%o  of  the  range 
shown  by  MORB  glasses.  These  data  sug- 
gest there  may  be  no  substantial  difference 
in  the  average  513C  between  carbon  from 
asthenospheric  mantle,  as  characterized  by 
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MORB  analyses,  and  peridotites  from  the 
subcontinental  lithospheric  mantle.  The 
similarity  in  carbon  isotope  compositions 
of  asthenospheric  and  lithospheric  derived 
rocks  is  consistent  with  the  idea  that  dia- 
mond and  graphite  in  peridotites  have  crys- 
tallized from  carbonaceous  fluids  derived 
from  the  asthenosphere  streaming  into  the 
cooler,  more  reducing  (Haggerty,  1986) 
sub-cratonic  lithosphere.  The  small  range 
of  Sl  3C  in  peridotitic  graphite  and  diamond 
may  be  due  to  either  minor  fractionation 
during  carbon  deposition  or  to  original 
source  heterogeneity  (Deines  et  al.,  1987). 
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Behavior  of  Nitrogen  during  Metamor- 

pfflSM:  Case  Study  of  the  Catalina 

Schist  Subduction-Zone  Metamorphic 

Terrane 

Gray  E.  Bebout  and  Marilyn  L.  Fogel 

Numerous  studies  have  explored  vari- 
ous biological  pathways  of  N  and  the  re- 
sulting isotope  fractionations  (Sweeney  et 
al.,  1978;  Owens,  1987).  However,  little  is 
known  about  the  behavior  of  N  in  the  deep 
crust  and  mantle.  The  N  isotope  system 
shows  great  potential  for  elucidating  pro- 
cesses such  as  fluid-rock  exchange,  magma 
provenance  and  crystallization,  and  crust- 
mantle  interaction  (see  Javoy  etal.,  1986). 
High  concentrations  of  NH4+  in  igneous 
and  metamorphic  minerals  (Honma  and 
Itihara,  1981)  suggest  that  N  may  in  some 
cases  be  an  important  fluid  constituent  and 
could  be  used  as  a  geochemical  tracer  for 
many  petrological  problems.  Reports  of  N 
fluid  species  in  fluid  inclusions  in  meta- 
morphic rocks  are  common  (Kreulen  etal., 
1982;  Bottrellera/.,  1988;  Andersen  etal., 
1989).  Nitrogen  is  a  common  constituent 
of  volcanic  gases  and  occurs  in  trace 
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Fig.  9.  Generalized  geologic  map  of  Santa  Catalina  (from  Piatt,  1975). 


amounts  in  various  mantle-derived  rocks 
(see  Javoy  et  al.y  1986). 

In  this  study,  analytical  techniques  de- 
scribed in  this  Report  (Bebout  and  Fogel, 
this  Report)  are  used  to  evaluate  the  behav- 
ior of  N  during  progressive  metamorphism 
and  resultant  devolatilization  and  fluid  flow 
in  a  subduction-zone  metamorphic  com- 
plex (Catalina  Schist,  Santa  Catalina  Is- 
land, California).  The  Catalina  Schist 
contains  lawsonite-albite-  to  amphibolite- 
grade  metasedimentary  rocks,  represent- 
ing metamorphic  conditions  of  350°  -  750°C 
and  pressures  corresponding  to  15  -  45  km 
depths  (Piatt,  1975).  The  three  major  meta- 
morphic/tectonic  units  (lawsonite-albite/ 


blueschist,  greenschist/epidote-amphibo- 
lite,  and  amphibolite)  represent  packets  of 
sedimentary,  mafic,  and  ultramafic  rocks 
underplated  and  metamorphosed  during 
early  stages  of  early  Cretaceous  subduc- 
tion  (Bebout  and  Barton,  1989a).  Figure  9 
shows  the  distributions  of  the  three  major 
metamorphic/tectonic  units,  a  cross-sec- 
tion demonstrating  their  present  structural 
juxtaposition,  and  the  location  of  Santa 
Catalina  Island  relative  to  southern  Cali- 
fornia. Each  unit  contains  a  similar  as- 
semblage of  metamorphosed  mafic,  sedi- 
mentary, and  ultramafic  rocks.  In  Figure  9, 
lawsonite-albite-grade  exposures  are 
mapped  as  blueschists;  glaucophanic 
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Fig.  10. 515N  vs.  metamorphic  grade  for  whole-rock  metasedimentary  rocks  of  the  Catalina  Schist.  Note 
ranges  in  N  concentration  for  rocks  of  each  metamorphic  grade. 


greenschist-  and  epidote-amphibolite- 
grade  rocks  are  included  in  the  greenschist 
unit.  The  samples  of  metasedimentary 
rocks  analyzed  in  this  study  are  collected 
from  widespread  exposures  within  each 
unit.  In  each  of  the  units,  the 
metasedimentary  rocks  range  in  lithology 
from  metapelites  to  metagraywackes, 
showing  considerable  variation  in  average 
grain  size  (several  urn  to  ~  2  mm). 

The  wide  range  of  metamorphic  grade 
in  the  Catalina  Schist  allows  examination 
of  rocks  representing  different  stages  of 
progressive  devolatilization  (Bebout, 
1990).  Trends  in  water  content  with  in- 
creasing metamorphic  grade  and  inferred 
prograde  reaction  histories  indicate  that 
devolatilization  of  the  mafic  and  sedimen- 
tary rocks  was  particularly  linked  to  chlo- 
rite breakdown,  over  the  approximate 


temperature  interval  of  400°  -  600°C. 
Chlorite  breakdown  in  the 
metasedimentary  rocks  stabilized  mica 
(muscovite  and  biotite)-,  garnet-,  and  kya- 
nite-bearing  mineral  assemblages;  in 
metamafic  rocks,  chlorite  breakdown  sta- 
bilized progressively  more  aluminous 
hornblende.  Devolatilization  resulted  in 
the  production  of  water-rich  (mole  frac- 
tion H2O  >  0.90)  fluids  homogenized  in 
their  oxygen  and  hydrogen  isotope  com- 
positions (Bebout  and  Barton,  1989a).  The 
oxygen  isotope  data  indicate  that  the  fluids 
were  derived  from  relatively  low-tem- 
perature (400°  -  600°C),  sediment-richparts 
of  the  subduction  zone,  compatible  with 
the  inference  that  maximum 
devolatilization  occurred  at  these  tem- 
peratures during  chlorite  breakdown 
(BeboutandBarton,  1989a;  Bebout,  1990). 
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Table  3.  Nitrogen  concentration  and  isotope  data  for  whole-rock  metasedimentary  samples 
of  the  Catalina  Schist.  Data  are  arranged  in  order  of  increasing  inferred  metamorphic  grade. 


Sample 

Technique* 

n 

Mean  515N 

Std.  Dev. 

Cone,  (ppm  N) 

Lawsonite-Albite  (n  = 

10;+1.7  +  0.6%o;580±175 

ppm) 

6-2-32A 

C 

6 

+2.0 

0.10 

735 

E 

3 

+1.9 

0.06 

6-3-2A 

C 

1 

+1.3 

695 

6-3-2D 

C 

2 

+1.1 

0.18 

465 

6-3-2F 

C 

1 

+1.0 

410 

6-3-2G 

C 

2 

+2.0 

0.06 

540 

6-3-2H 

C 

1 

+2.0 

790 

6-3-2K 

c 

2 

+1.3 

0.05 

805 

6-3-3 

c 

2 

+2.3 

0.05 

360 

7-2-132 

c 

6 

+2.7 

0.13 

640 

E 

1 

+2.4 

7-3-70 

C 

1 

+1.2 

360 

Blueschist  (n  =  14; 

+2.4  ±  0.3%o; 

430  ±310  ppm) 

6-5-23dk 

C 

2 

+3.1 

0.13 

130 

6-5-23grn 

C 

2 

+3.0 

0.04 

120 

6-5-24a 

C 

1 

+2.4 

200 

6-5-24b' 

C 

2 

+2.1 

0.04 

660 

6-5-68H 

C 

3 

+2.4 

0.25 

315 

6-5-72 

C 

2 

+2.5 

0.13 

710 

7-2-92 

C 

2 

+2.3 

0.15 

140 

7-2-97 

c 

2 

+2.1 

0.20 

780 

7-3-1 

c 

1 

+2.2 

1075 

8-2-4E 

c 

2 

+2.0 

0.09 

335 

8-3-90 

E 

2 

+2.3 

0.06 

540 

9-1-33 

C 

2 

+2.7 

0.08 

200 

1-3-1 

C 

1 

+2.7 

100 

1987-7-3 

C 

2 

+2.4 

0.21 

720 

Glaucophanic 

Greenschist  (n  =  13;  +3.2  ±  0.6%o;  1 15  ±  55  ppm) 

8-2-24 

C 

1 

+3.3 

65 

8-2-28 

C 

3 

+2.6 

0.22 

110 

8-2-33 

c 

3 

+3.7 

0.12 

170 
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Table  3.  Continued 
Greenschist  (n  =  2;  +2.6  ±  2.1%o;  495  ±  450  ppm) 


6-2-24 
6-2-27a 


+4.0 
+1.1 


0.02 
0.12 


810 
180 
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Epidote-Amphibolite  (n  =  5;  +4.3  ±  0.6%o;  270  ±  275  ppm) 


6-2-45 
6-3-41 
6-3-54 
7-3-43 
7-3-45 


+5.3 

165 

+4.0 

0.09 

740 

+3.8 

0.11 

180 

+3.9 

0.03 

230 

+4.4 

30 

6-3-25' 

C 

E 

7-2-21msA 

C 

E 

7-3-65 

C 

8-1-3 

C 

CAMS 

c 

6-3-75mc** 

c 

6-3-24mc** 

c 

Amphibolite  (n  =  5;  +4.1  ±  0.5%o;  165  ±  70  ppm) 


+3.6 

0.19 

65 

+3.6 

0.45 

+4.5 

0.14 

150 

+4.2 

0.15 

+3.6 

185 

+4.7 

0.11 

160 

+4.3 

260 

+4.5 

0.26 

280 

+4.3 

0.08 

305 

*C  =  cryogenic  techniques;  E  =  gas  expansion  technique. 

**muscovite  mineral  separates  from  amphibolite-grade  metasedimentary  rocks. 


The  metasedimentary  rocks  show  a 
general  decrease  in  N  concentration  and  a 
corresponding  increase  in  515N  with  in- 
creasing metamorphic  grade.  This  is  sug- 
gestive of  progressive  loss  of  low-515N 
nitrogen  (Fig.  10;  Table  3;  see  also  Haendel 
et  ah,  1986)  during  metamorphism.  The 
<515N  of  the  lowest-grade  rocks  (lawsonite- 
albite+blueschist;  Table  3)  is  uniform  (515N 
=  +2.1  ±  0.6;  range  =  +1.0  to  +3.1%c;  n  = 
24)  and  consistent  with  the  value  of + 1 .5%o 
reported  by  Zhang  (1988)  for  a  Franciscan 
Formation  metagray  wacke  very  similar  to 
these  rocks.  The  lowest-grade  rocks  show 


a  range  in  concentration  of  ~  100  to  1100 
ppm  N,  whereas  the  highest-grade  rocks 
contain  only  ~  60  to  250  ppm  N. 

Concentrations  are  highly  dependent 
on  the  bulk  composition  of  the  rocks;  more 
pelitic  compositions  tend  to  have  higher  N 
concentrations  than  metasandstones 
(metagray wackes).  Nitrogen  concentra- 
tions correspond  in  general  to  the  modal 
proportion  of  white  mica  and,  in  higher- 
grade  rocks,  biotite,  consistent  with  the 
findings  of  Honma  and  Itihara  (1981)  that 
indicate  that  Ntfy*  is  strongly  partitioned 
into  micas  in  igneous  and  metamorphic 
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Fig.  11.  Rayleigh  distillation  calculations  using 
nitrogen  concentration  and  isotope  data  for  meta- 
sedimentary  rocks  of  the  Catalina  Schist  (see  text 
for  discussion). 

rocks.  For  two  amphibolite-grade  samples 
(6-3-24;  6-3-75),  <515N  of  separated  mus- 
covite  is  similar  to  values  for  several  whole- 
rock  samples  (samples  7-2-2 lms A,  8-1-3, 
CAMS).  Thus,  there  may  be  little  or  no  N- 
isotope  fractionation  between  the  N  in  NH4+ 
in  the  muscovite  and  the  remaining  N  in  the 
rock  (see  also  Zhang,  1988). 

Nitrogen  is  efficiently  retained  by  the 
rocks  during  diagenesis  and  low-grade 
metamorphism,  as  the  lowest-grade  rocks 
have  N  content  similar  to  that  of 
unmetamorphosed  equivalents  (e.g.,  see 
Sweeney  et  al.,  1978).  It  is  initially  bound 
primarily  in  organic  matter,  but,  during 
early  diagenesis,  the  organic  matter  is 
remineralized  resulting  in  NH4+  release. 
Ammonium  ion  can  then  be  incorporated 
by  silicate  phases,  probably  primarily  clay 


minerals  and  low-grade  micas.  The  unifor- 
mity in  515N  of  the  low-grade  rocks  of  the 
Catalina  Schist  may  reflect  homogeniza- 
tion  during  N  redistribution  as  the  organic 
matter  is  remineralized.  The  515N  of  the 
low-grade  rocks  is  similar  to  that  of 
unmetamorphosed  sediments  and  pore  wa- 
ter ammonium  (Velinsky  etal.,  submitted). 

Analyses  of  veins  and  metasomatized 
mafic  rocks  indicate  mobility  of  N  in  the 
high-pressure  metamorphic  fluids  and 
metasomatic  addition  of  N  to  altered  mafic 
rocks.  Vein  samples  (9-1-52L;  0-1-1)  from 
the  blueschist  unit  contain  up  to  300  ppm  N 
of  515N  (~  +l%o).  Metasomatized  mafic 
rocks  in  all  units,  particularly  high-K  rocks, 
show  enrichments  in  N  up  to  550  ppm,  with 
<S15N  similar  to  those  of  the 
metasedimentary  rocks  (+1  to  +3%o).  Bi- 
otite  from  one  rind  on  a  metasomatized 
mafic  block  in  the  ultramafic  melange  of 
the  amphibolite  unit  (see  discussion  of 
blocks  in  Sorensen,  1988)  contains  about 
250  ppm  N  with  S^N  =  +2.5%o.  The  S^N 
of  the  veins  and  other  metasomatic  features 
is  similar  to  £15N  of  the  whole-rock 
metasedimentary  rocks  (Fig.  10);  this  ob- 
servation suggests  the  metamorphic  redis- 
tribution of  N  ultimately  derived  from  sub- 
ducted organic  matter. 

Fluid-rock  isotope  fractionation  of  N 
for  the  metasedimentary  rocks  was  calcu- 
lated with  a  Rayleigh  distillation  equation, 
based  on  the  observed  nitrogen  loss  and  the 
trend  in  <515N  of  the  whole-rock 
metasedimentary  samples  (Fig.  11).  The 
best  fit  of  the  calculations  with  the  observa- 
tions is  for  a  bulk  400  -  600  °C  fluid-rock 
fractionation  of  approximately  -2.5%o.  This 
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estimate  is  in  agreement  with  the  calculated 
N2-NH4+  fractionation  factors  of 
Hanschmann  (1981),  who  estimated  a  frac- 
tionation of  -3.8%o  at  327  °C  and  a  fraction- 
ation of  -23%o  at  527  °C  for  the  exchange 
reaction  (after  Scalan,  1958): 

14NH4++15N14N  =  15NH4++14N14N.  (1) 

By  assuming  a  temperature  effect  similar  to 
that  predicted  by  Hanschmann  (1981),  the 
fractionations  would  have  varied  from  ap- 
proximately -2.9%o  to  about  -2.25%c  over 
the  400  -  600  °C  temperature  range,  over 
which  maximum  fluid  loss  is  inferred  with 
various  petrologic,  volatile  concentration, 
and  stable  isotope  data  (Bebout,  1990).  The 
inference  of  N2-NH4+  exchange  is  consis- 
tent with  the  expectation  that  N2  is  the 
dominant  N  fluid  species  at  these  tempera- 
tures and  oxygen  fugacities  (Ferry  and 
Baumgartner,  1987;  Bottrell  et  ai,  1988). 
These  calculations  assume  that  fraction- 
ation factors  do  not  vary  during  the  course 
of  the  devolatilization.  Because  the  release 
of  the  water-rich  fluid  occurred  over  a  tem- 
perature range  (~  400  -  600  °C),  this  is  not 
strictly  correct.  The  Rayleigh  distillation 
calculations  also  assume  that  one  homoge- 
neous reservoir  exists  in  the  rock  for  nitro- 
gen. Analyses  of  whole-rock  samples  and 
mineral  separates  from  the  same  samples 
indicate  that  no  significant  fractionations 
exist  between  coexisting  minerals  (Table  3; 
Zhang,  1988).  This  finding  is  consistent 
with  the  probability  that  nitrogen  resides  in 
the  same  molecule  (NH4+)  in  the  minerals 
and  the  likelihood  that  N-isotope  fraction- 


ations are  thus  strongly  governed  by  N-H 
bonding.  Alternatively,  other  minerals  in 
the  rocks  could  be  fractionated  with  respect 
to  N  isotopes,  but  may  contain  too  little  N  to 
impact  whole-rock  values  significantly.  In 
either  case,  consideration  of  a  bulk-rock 
fractionation  factor  may  be  at  least  roughly 
appropriate. 

This  study  differs  from  previous  studies 
of  N  behavior  in  that  it  places  the  findings 
regarding  N  distribution  and  isotopic  com- 
position into  a  broader  framework  of 
devolatilization  and  fluid  and  mass  transfer 
obtained  through  detailed  field,  petrologi- 
cal  and  geochemical  study  (Bebout  and 
Barton,  1989a).  Nitrogen  concentration 
and  isotope  data  for  unmetamorphosed  and 
lower-grade  equivalents  of  the  Catalina 
Schist  and  the  information  presented  here 
regarding  progressive  N  loss  during  meta- 
morphism  allow  assessments  of  processes 
affecting  the  initially  biogeochemically- 
controlled  N  in  deep  subduction-zone  envi- 
ronments. Comparisons  of  the  calculated 
fluid  <515N  (~  - 1  to  +3%o)  with  compositions 
of  various  mantle-derived  rocks  indicate 
the  possibility  of  tracing  large-scale  crust- 
mantle  exchange  with  the  N  system.  Mid- 
ocean  ridge  basalts  (MORB),  presumably 
unrelated  to  subduction,  typically  have  <515N 
near  +\0%o  and  low  N  concentrations  (<  1 
ppm),  whereas  island-arc  basalts  (IAB)  have 
lower  <515N  (+3  to  +10%o)  and  3  to  10  times 
the  N  concentration  of  MORB  (data  from 
Zhang,  1988).  Mixing  in  arc  magma  source 
regions  involving  fluids  with  515N  similar 
to  the  Catalina  fluids  could  result  in  the 
appropriate  N  enrichments  and  higher  <515N 
in  IAB.    Calculated  fluid  H-,  C-,  and  S- 
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isotopic  compositions  show  similar  com- 
patibilities with  mantle  wedge  volatile  iso- 
topic compositions.  These  compatibilities 
and  the  evidence  for  voluminous  fluid  pro- 
duction and  large-scale  fluid  transport  sug- 
gest that  fluids  like  those  produced  during 
devolatilization  of  the  Catalina  Schist  could 
contribute  significantly  to  mantle  wedge 
volatile  budgets  (see  Bebout  and  Barton, 
1989b). 
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Crustal  Contamination  and  Magma 

Evolution:  Oxygen  Isotopic  Data  for 

Layered  Intrusions 

Craig  M.  Schiffries 

Crustal  contamination  is  believed  to 
have  important  effects  on  the  crystallization 
sequence  and  liquid  line  of  descent  of  many 
mantle-derived  mafic  magmas.  Oxygen 
isotopic  data  are  a  powerful  tracer  for 
monitoring  crustal  contamination  because 
the  crust  has  a  higher  mean  8l  80  value  than 
the  mantle.  The  purpose  of  this  note  is  to 
suggest  that  <518Omagma  is  systematically 
related  to  the  crystallization  sequence  and 
tectonic  setting  of  several  major  layered 
intrusions.  Layered  intrusions  are  par- 
ticularly amenable  to  studies  of  magma 
evolution  because  the  crystallization  se- 
quence can  be  determined  from  their  tex- 
tures and  from  the  stratigraphic  sequences 
of  their  cumulates.  Moreover,  the  <5180 
values  of  coexisting  minerals  can  be  used 
to  estimate  <518Omagma,  and  to  evaluate  the 
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Om  Oman 

Sk     Skaergaard 

Sw    Stillwater 

Oceanic  crust  or 
continental  margin 
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Fig.  12.  Relationships  among  518Omagma  crys- 
tallization sequence,  and  tectonic  setting  for  six 
layered  mafic  intrusions. 

effects  of  subsolidus  processes  (Taylor  and 
Forester,  1979;  Kalamarides,  1984;  Dunn, 
1986;  Schiffries  and  Rye,  1989). 

Calculated  <5l8Omagma  values  for  six 
well-known  layered  mafic  intrusions  are 
listed  in  Table  4,  and  their  relationship  to 
the  crystallization  sequence  and  tectonic 
setting  of  the  intrusions  is  illustrated  in  Fig. 
1 2.  The  data  are  from  different  laboratories, 
and  they  have  all  been  renormalized  rela- 
tive to  a  value  of  9.60  %cfor  standard  NBS- 
28.  A  direct  comparison  of  data  from  these 
sources  would  introduce  systematic  errors 
that  obscure  important  trends  in  the  data. 


Table  4.  Normalized  518Omagma  values  for  layered  intrusions 


(1) 

(2) 

(3) 

Intrusion 

Location 

Tectonic 
Setting 

o  °Omagma 

First 
Pyx 

Ref 

Skaergaard  intrusion 

Greenland 

Continental  rift 

5.7 

Cpx 

[1] 

Cuillin  Complex 

Scotland 

Continental  rift 

5.7 

Cpx 

[2] 

Semail  ophiolite 

Oman 

Oceanic  crust 

5.8 

Cpx 

[3] 

Kiglapait  intrusion 

Canada 

Intracontinental 

6.2 

Cpx 

[4] 

Stillwater  Complex 

United  States 

Intracontinental 

6.2 

Opx 

[5] 

Bushveld  Complex 

South  Africa 

Intracontinental 

6.7 

Opx 

[6] 

Notes :  (1)  All  518Omagma  values  are  normalized  relative  to  9.60  %o  for  NBS-28  and  have  an  uncertainty 
of  approximately  +0.2  %o.  (2)  First  cumulus  pyroxene:  Pyx  =  Pyroxene;  Opx  =  orthopyroxene;  Cpx  = 
clinopyroxene.  (3)  References:  [1]  Taylor  and  Forester  (1979);  [2]  Forester  and  Taylor  (1977);  [3] 
Gregory  and  Taylor  (1981);  [4]  Kalamarides  (1984);  [5]  Dunn  (1986);  [6]  Schiffries  and  Rye  (1989). 
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The  Skaergaard  intrusion  (Taylor  and 
Forester,  1979),  the  Cuillin  Complex  (For- 
ester and  Taylor,  1977),  and  Semail  gab- 
bros  (Gregory  and  Taylor,  1981)  all  have 
6180magma  values  that  are  indistinguish- 
able from  the  51 80  value  of  the  bulk  mantle 
(5.7±0.2),  and  these  intrusions  are  all 
characterized  by  the  crystallization  of  cu- 
mulus clinopyroxene  before  orthopyroxene. 
The  Kiglapait  intrusion  (Kalamarides, 
1984)  and  the  Stillwater  Complex  (Dunn, 
1986)  have  <518Omagma  values  that  are  ap- 
proximately 0.5  %o  heavier  than  the  bulk 
mantle.  Clinopyroxene  preceeds 
orthopyroxene  in  the  Kiglapait,  but  the 
reverse  sequence  occurs  in  the  Stillwater. 
The  Bushveld  (Schiffries  and  Rye,  1989) 
£18Omagma  value  is  approximately  1.0  %o 
heavier  than  the  bulk  mantle,  and  the 
Bushveld  is  characterized  by  the  crystalli- 
zation of  cumulus  orthopyroxene  before 
clinopyroxene. 

In  addition  to  increasing  51 8Omagma>  the 
contamination  of  a  mafic  magma  by  even  a 
modest  amount  of  siliceous  crustal  material 
may  have  a  profound  effect  on  its  crystal- 
lization order  and  liquid  line  of  descent.  A 
prime  effect  of  increasing  the  Si02  content 
of  a  mafic  magma  is  to  advance  the  crys- 
tallization of  orthopyroxene  relative  to 
clinopyroxene  (Bo wen,  1928,  Irvine,  1970; 
1979,  Longhi,  1982;  Longhi  et  al,  1983; 
Campbell,  1985;  Huppert  and  Sparks,  1985; 
Sparks,  1986;  Schiffries  and  Rye,  1989; 
Barnes,  1989).  Figure  13  shows  a  portion 
of  the  pseudo-ternary  liquidus  phase  dia- 
gram for  the  system  olivine-clinopyroxene- 
plagioclase-quartz  projected  from  plagio- 
clase  (after  Irvine,  1979).  Low  pressure 
fractional  crystallization  of  a  mantle-de- 


rived mafic  magma,  denoted  B,  will  result 
in  the  crystallization  of  clinopyroxene  be- 
fore orthopyroxene.  A  reversal  of  this 
sequence  can  be  achieved  if  the  bulk 
composition  of  the  magma  shifts  toward 
point  C  due  to  the  assimilation  of  silica-rich 
crustal  material. 

The  oxygen  isotopic  data  in  Figure  12 
are  consistent  with  the  proposition  that  the 
crystallization  of  orthopyroxene  before 
clinopyroxene  in  a  layered  intrusion  may 
reflect  assimilation  of  siliceous  crustal 
material  with  a  8*  80  value  greater  than  5 .7. 
This  pattern  is  somewhat  surprising  in  that 
the  crystallization  of  a  magma  is  controlled 
by  many  factors,  and  it  seems  unlikely  that 
variations  in  crystallization  sequence  will 
correlate  with  a  single  variable.  Moreover, 
<518Omagma  is  not  a  monotonic  function  of 
crustal  contamination.  Assimilation  of  si- 
liceous crustal  material  with  an  unusually 


Fig.  13.  A  portion  of  the  pseudo-ternary  liquidus 
phase  diagram  for  the  system  olivine- 
clinopyroxene-plagioclase-quartzprojectedfrom 
plagioclase  (after  Irvine,  19/9).  Fractional  crys- 
tallization of  a  magma  with  a  composition  desig- 
nated by  point  B  will  result  in  the  precipitation  of 
clinopyroxene  before  orthopyroxene.  A  reversal 
of  this  sequence  can  be  achieved  if  the  bulk  com- 
position of  the  magma  shifts  toward  point  C  due  to 
the  assimilation  of  silica-rich  crustal  material. 
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low  £180  value  may  cause  a  change  in 
crystallization  sequence  without  a  corre- 
sponding increase  in  5180magma-  Con- 
versely, assimilation  of  a  small  amount  of 
isotopically  heavy  crustal  material  could 
increase  <518Omagma  without  changing  the 
bulk  composition  of  the  magma  by  an 
amount  sufficient  to  alter  its  crystallization 
sequence. 

The  tectonic  setting  of  a  layered  intru- 
sion appears  to  play  a  significant  role  in 
controlling  the  nature  and  extent  of  crustal 
contamination.  Skaergaard,  Cuillin  and 
Oman,  three  intrusions  with  'normal' 
<518Omagma  (5.7+0.2),  were  emplaced  in 
oceanic  crust  or  rifted  continental  margins, 
whereas  Stillwater,  Bushveld  and  Kiglapait, 
three  intrusions  with  high  518Omagma>  oc- 
cur in  intracontinental  environments  (Fig. 
12).  The  continental  environments  appear 
to  provide  relatively  favorable  conditions 
for  the  assimilation  of  siliceous  crustal 
material  during  magma  transport  and  stor- 
age in  the  crust. 
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Introduction 

The  purpose  of  the  present  study  is  to 
document  the  isotopic  abundances  of  sul- 
fur in  sulfide  minerals  found  in  Silurian 
stratigraphic'  marker  beds  of  graphitic, 
sulfidic  schist.  The  beds  afford  the  op- 
portunity to  assess  the  effects  of  regional 
metamorphism  on  sulfur  isotope  geochem- 
istry because  they  outcrop  across  meta- 
morphic  isograds  from  the  chlorite  to  the 
sillimanite  zone  (Osberg,  1968).  The  rocks 
were  chosen  for  study  because  they  were 
the  subject  of  previous  mineralogical  and 
penological  investigations  by  Ferry  (1981) 
who  found  evidence  of  the  infiltration  of 
H20-rich,  S-poor  fluids  during  metamor- 
phism. An  additional  goal  is  an 
interlaboratory  comparison  of  the  SO2 
method  of  sulfur  isotope  analysis  as  used  at 
the  U.S.  Geological  Survey  and  the  SF& 
method  at  the  Geophysical  Laboratory. 

Ferry  (1981)  used  mineralogical  and 
chemical  data  to  show  that  the  conversion 
of  pyrite  to  pyrrhotite  during  regional 
metamorphism  proceeded  by  desulf  idation 
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at  constant  whole-rock  iron  contents  with- 
out participation  of  silicate  minerals.  Both 
products  and  reactants  remain  coexisting 
in  at  least  some  samples  from  chlorite-  to 
sillimanite-zones.  In  contrast,  pyrite  has 
been  completely  consumed  in  some  samples 
from  each  metamorphic  zone.  There  is  no 
correlation  between  progress  of  the  con- 
version of  pyrite  to  pyrrhotite  and  meta- 
morphic grade  or  temperature.  Ferry  ( 1 98 1 ) 
proposed  that  desulfidation  was  driven  pri- 
marily by  infiltration  of  H20-rich,  S-poor 
metamorphic  fluids. 

Variations  in  <5^4S  of  20  %o  or  more  are 
commonly  present  in  sulfur-bearing,  or- 
ganic-rich sediments  and  syn-sedimentary 
sulfide  ore  bodies  (Gautier,  1987;  Ohmoto 
andRye,  1979;  Shanks  and Bischoff,  1980). 
These  variations  are  caused  by  a  combina- 
tion of  processes  including  the  kinetic 
isotope  effect  associated  with  sulfate-re- 
ducing  bacteria  and  the  degree  to  which  the 
diagenetic  environment  is  open  to  fresh 
influxes  of  sea  water  sulfate  (Ohmoto, 
1 986).  Such  a  large,  pre-metamorphic  range 
of  <5^4S  presents  an  opportunity  to  test  the 
fluid  flow  hypothesis  of  Ferry  (1981)  by 
measuring  the  extent  to  which  isotopic 
values  have  been  homogenized  as  a  conse- 
quence of  metamorphism.  The  potential  of 
5^4S  homogenization  to  serve  as  a  test  of 
fluid  flow  during  metamorphism  is  limited, 
however,  by  the  small  amounts  of  sulfur 
species  calculated  to  occur  in  metamorphic 
fluids  (for  example,  H2S  from  1  to  5  mole 
%,  Ferry,  1981,  Table  6).  Thus,  the  obser- 
vation of  <534S  homogenization  would 
provide  a  permissive  test  of  fluid  infiltra- 
tion. But,  a  lack  of  homogenization  might 
indicate  simply  a  paucity  of  sulfur  species 
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in  metamorphic  fluids  rather  than  absence 
of  fluid  flow. 


Methods 

The  study  employed  two  sulfur  extrac- 
tion techniques:  sulfide  oxidation  to  sulfur 
dioxide,  SO2  and  sulfide  fluorination  to 
yield  sulfur  hexaflouride,  SF6.  The  famil- 
iar oxidation  technique  is  more  rapid  but 
subject  to  uncertainties  in  accuracy  due  to 
memory  effects  of  sulfur  dioxide  gas  in 
vacuum  systems  and  mass  spectrometers 
(Rees,  1978).  Also,  a  correction  must  be 
made  for  mass  spectral  interferences  due  to 
the  three  oxygen  isotopes.  The  SF6  method 
is  slower  and  requires  the  use  of  fluorinating 
agents  such  as  BrFs  but  the  gas  is  much 
more  inert  and  not  sorbed  onto  surfaces. 
Fluorine  has  only  one  stable  isotope. 
Consequently,  no  corrections  are  needed. 
Sulfides  are  reacted  with  BrFs  in  a  vacuum 
system  similar  to  that  of  Clayton  and 
Mayada  (1 963)  for  extracting  oxygen  from 
silicate  minerals  for  isotope  analysis.  The 
product  is  isolated  and  purified  by  a  combi- 
nation of  cryogenic  distillation,  chemical 
scrubbing  with  KOH,  and  preparative  gas 
chromatography  (Puchelt,  etai,  1970).  A 
comparison  of  results  by  the  two  techniques 
show  excellent  agreement,  with  the  SF6 
results  an  average  of  0.25  %o  lower  than  the 
SO2  values  (Fig.  14).  The  systematic  dif- 
ference is  due  to  the  long  extrapolation 
from  the  McMaster  reference  series  SO2 
standards  (Rees,  1978)  for  which  the  low- 
est standard  is  30  %ohigher  than  the  samples 
encountered  in  this  work. 
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Fig.  14.  Plot  of  634S  of  SO2  extractions  vs.  SFa 
extractions  on  aliquots  of  same  sulfide  mineral 
separates. 

Results 

The  graphitic,  sulf  idic  marker  beds  strike 
across  metamorphic  zones  from  chlorite  to 
sillimanite  and  have  a  temperature  range  of 
375°  to  550°C  at  a  maximum  pressure  of 
3.5  ±  0.2  kbar  (Ferry,  1981).  With  increas- 
ing grade,  the  mode  of  occurrence  of  pyrite 
and  pyrrhotite  changes  from  euhedra  and 
large  irregular  blebs  in  layers  and  veins  to 
progressively  finer-grained,  evenly  dis- 
tributed, granoblastic  sulfides.  The  pattern 
of  metamorphic  recrystallization  is  similar 
to  that  observed  for  silicate  mineral  growth 
with  an  approach  to  granoblastic,  textur- 
ally  and  chemically  equilibrated  mineral 
grains  with  increasing  grade.  In  the  case  of 
sulfides,  however,  the  approach  toward 
textural  equilibrium  is  only  poorly  mirrored 
by  the  extent  of  sulfur  isotopic  equilibra- 
tion between  pyrite  and  pyrrhotite. 

The  <534S  compositions  of  pyrite  and 
pyrrhotite  separated  from  the  same  speci- 
mens were  analyzed  to  test  whether  coex- 
isting sulfides  achieved  sulfur  isotope  ex- 
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Fig.  15.  Plot  of  measured  34S  fractionation  be- 
tween pyrite  and  pyrrhotite  vs.  temperature  esti- 
mates of  Ferry  (19/6).  Heavy  line  with  flat  slope 
gives  equilibrium  isotope  fractionation. 

change  equilibrium.  A  plot  of  measured 
fractionations  against  metamorphic  tem- 
peratures shows  poor  agreement  with  the 
equilibrium  fractionation  curve  (Fig.  15). 
A  partial  approach  to  equilibrium  is  seen  in 
the  highest  grade  samples  in  which  sulfides 
are  distributed  as  fine  grains  aligned  with 
schistosity.  In  low  grade  rocks  and  in 
higher  grade  rocks  where  sulfides  remain 
as  irregular  blebs,  isotopic  exchange 
disequilibrium  prevails. 

The  range  of  variation  of  $4S  values 
shows  no  trend  towards  homogenization 
with  increasing  metamorphic  grade  (Fig. 
16).  Rocks  from  the  chlorite-  and  biotite- 
zones  (375-425°C)  have  pyrites  and  pyr- 
rhotites  that  differ  by  as  much  as  A%o. 
Samples  from  the  staurolite-andalusite  zone 
(~500°C)  show  an  even  larger  range  of  8%o. 
Trial  calculations  of  the  effect  of  infiltra- 
tion on  isotopic  values  show  that  predicted 
isotopic  schists  are  strongly  controlled  by 
the  abundances  of  sulfur  species  in  the 
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Fig.  16.  Total  range  in  634S  for  pyrite  and  pyr- 
rhotite plotted  against  temperature  estimates  of 
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fluids.  Infiltration  of  a  fluid  consisting  of 
67  mole  %  H2S  would  effectively  homog- 
enize an  initial  range  of  %%o  in  8$*S  with  a 
fluid/rock  ratio  of  0.4.  A  fluid  with  5  mole 
%  H2S  or  less,  however,  does  not  achieve 
comparable  homogenization  of  sulfide 
values  even  at  fluid/rock  ratios  as  high  as 
20. 

Conclusions 

Sulfur  isotope  systematics  do  not  ap- 
pear to  be  as  sensitive  to  metamorphic 
effects  as  are  the  isotopes  of  C,  O,  and  H. 
Sulfur  isotope  exchange  equilibrium  has 
not  been  achieved  between  the  majority  of 
coexisting  pyrite-pyrrhotite  pairs.  Ho- 
mogenization of  534S  values  was  attained 
neither  on  an  outcrop  nor  on  a  regional 
scale.  The  preservation  of  ^4S  heteroge- 
neity in  rocks  metamorphosed  to  high  tem- 
peratures is  not  proof  of  fluid-absent  condi- 
tions or  of  static  fluid,  however,  because  it 


GEOPHYSICAL  LABORATORY 


33 


is  virtually  impossible  to  alter  the  ^4S 
values  of  rocks  by  the  infiltration  of  typi- 
cal, low  sulfur,  metamorphic  fluids.  These 
results,  while  disappointing  in  terms  of 
634S  studies  of  metamorphic  processes,  do 
confirm  that  such  studies  can  "see  through" 
metamorphism  to  reveal  previous  igneous 
or  sedimentary  isotopic  signatures. 
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Isotopic  Composition  of  Sulfides 

in  Ti-rich  Veins  from  the 

Adamello  Contact  Aureole  (Italy) 

Reto  Giere* and  T.C.  Hoering 

Hydrothermal  veins,  rich  in  titanium,  in 
the  southeastern  part  of  the  Adamello 
contact  aureole  (Provincia  di  Trento, 
northern  Italy)  provide  evidence  for  mo- 
bility of  Ti,  Zr,  and  actinides  in  a  REE- 
enriched  hydrothermal  fluid  (Giere,  1990a). 
The  Adamello  batholith  is  the  largest  ig- 
neous complex  of  Tertiary  age  in  the  Alps; 
it  is  composed  of  several  petrographically 
and  isotopically  distinct  plutons  (Bianchi 
et  al.,  1970)  that  were  intruded  into  the 
Southalpine  basement  and  its  sedimentary 
cover  between  42  and  30  Ma  (Del  Moro  et 
aU  1970). 

The  Ti-rich  veins  occur  in  graphite- 
bearing,  dolomite  marbles  of  upper  Trias- 
sic  age  at  the  contact  with  a  major  tonalite 
intrusion  called  the  Re  di  Castello  massif. 
They  characteristically  have  four  distinct 
mineralogical  zones  consisting  of  the  fol- 
lowing assemblages  from  margin  to  center 
(Fig.  17): 

*  Institut  fur  Mineralogie  undPetrographie,  ETH- 
Zentrum,  CH-8092  Zurich,  Switzerland 
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Fig.  17.  Map  of  mineral  assemblages  in  a  Ti-rich 
vein  in  dolomite  marble  (Do)  of  the  Adamello 
contact  aureole.  Fo  =  forsterite,  TiCl  =  titanian 
clinohumite,  Phlog = phlogopite,  Parg = pargasite, 
Sp  =  spinel,  Cc  =  calcite,  Tit  =  titanite,  Sulf  = 
sulfides,  Rut  =  rutile,  Ap  =  apatite,  Zirc  = 
zirconolite,  Geik  =  geikielite.  Black  areas  repre- 
sent large  aggregates  of  sulfides  (mainly  pyrrho- 
tite  with  minor  chalcopyrite).  All  the  present  re- 
sults are  from  samples  drilled  from  this  vein  (Giere, 
1990a). 


(1)  forsterite  +  calcite 

(2)  pargasite  +  calcite  +  titanite  + 
sulfides 

(3)  phlogopite  +  calcite  +  titanite  + 
sulfides 

(4)  titanian  clinohumite  +  spinel  + 
calcite  +  sulfides 


Titanium  is  an  important  component  of 
the  three  interior  assemblages,  as  shown  by 
high  Ti  contents  in  titanian  clinohumite, 
phlogopite  and  pargasite,  by  the  abundance 
of  titanite  in  the  pargasite  and  phlogopite 
zones  and  by  the  presence  of  the  accessory 
Ti-minerals  geikielite  (MgTi03),  rutile  and 
zirconolite  (ideally  CaZrTi207).  The  three 
central  zones  also  contain  graphite  and 
abundant  idiomorphic  fluor-apatite  and 
pyrrhotite  (with  minor  chalcopyrite).  Pyrite 
is  present  in  accessory  quantities  only ,  and 
occurs  only  as  a  secondary  mineral  in 
cracks  and  along  grain  boundaries  of  the 
other  sulfides.  The  textural  relationships  of 
the  pyrrhotite  indicate  that  it  formed  con- 
temporaneously with  the  main  and  acces- 
sory minerals  (Giere,  1990b),  suggesting 
that  its  sulfur  isotopic  composition  might 
be  useful  in  combination  with  geochemical 
and  other  isotopic  data  for  defining  the 
source  of  the  metasomatic  fluid. 


Experimental 

Sulfur  isotopic  determinations  were 
performed  on  whole  rock  powders  obtained 
by  crushing  the  samples  in  an  agate  mill. 
Acid-active  sulfide  was  released  from  the 
rock  powders  as  H2S  by  the  SnCl2-HCl 
method  of  Chanton  and  Martens  (1985). 
The  resulting  H2S  was  swept  by  a  stream  of 
nitrogen  into  a  silver  nitrate  solution  for 
precipitation  as  Ag2S.  The  silver  sulfide 
was  reacted  with  BrFs  to  yield  SF6,  which 
was  then  isolated  and  purified  by  the  method 
of  Hoering  (1988)  and  finally  analyzed  with 
a  Finnigan-MAT  Model  251  Isotope  Ratio 
Mass  Spectrometer. 
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Table  5.  Sulfur  isotope  data  for  vein  and  tonalite  samples  (in  %o). 


Siample 
number 


S*S, 


<?3S 


CDT 


Mineral 
zone* 


Brl21 


whole  rock 


TONALITE 

3.2 


1.8 


TITANIUM-RICH  VEINS 


Brl93 

whole  rock 

3.8 

Parg.  zone 

whole  rock 

3.6# 

Parg.  zone 

mineral 

3.92 

2.0 

Parg.  zone 

concentrate 

Brl94 

whole  rock 

4.0 

2.0 

Phlog  zone 

mineral 

43## 

2.4 

Phlog  zone 

concentrate 

Br214 

whole  rock 

4.3 

2.2 

TiCl  zone 

whole  rock 

4.2# 

TiCl zone 

mineral 

3.6## 

1.9 

TiCl  zone 

concentrate 

CDT  =  troilite  from  Canyon  Diablo  meteorite  standard).  Analytical  error  of  single  analysis 

is  e  =  ±  0.2.  Analysis  from  Geophysical  Laboratory  ($4S  and  $3S,  Carnegie  Institution 

of  Washington;  SF6-method.) 

*Parg  =  pargasite,  Phlog  =  phlogopite,  TiCl  -  titanian  clinohumite 

#S02method  (analysis  by  DSIR,  Lower  Hutt,  New  Zealand).   Determination  on  silver 

sulfide  aliquot.  ##heavier  than  methylene  iodide 


Because  of  its  low  sulfur  concentration 
(<10  ppm)  more  than  1 .5  kg  of  the  tonalite 
was  crushed  and  the  rock  powder  was  fur- 
ther processed  in  heavy  liquids  to  concen- 
trate the  heavy  mineral  fraction — including 
apatite.  No  Ag2S  could  be  recovered  di- 
rectly from  the  tonalite  by  the  method  de- 
scribed above.  So,  the  mineral  concentrate 
was  ground  in  an  agate  mortar  with  a  ten- 
fold excess  of  graphite  and  reduced  at 
1150°C  in  an  argon  atmosphere.  The  re- 
sulting sulfide  was  then  converted  into 
Ag2S  by  the  SnCh-HCl  method.  Sufficient 
silver  sulfide  could  be  obtained  in  this 
manner  and  it  appears  that  the  sulfur  is 


mainly  contained  in  the  apatite,  probably 
as  sulfate  substituting  for  phosphate  (see 
Banks,  1982).  The  apatites  from  the  vein 
samples  do  not  contain  detectable  sulfur  by 
microprobe  analysis  (Giere,  1990b).  The 
rock  powder  was  not  reduced,  therefore, 
prior  to  the  acid  treatment.  The  marble 
samples  contained  too  little  sulfur  for  an 
analysis. 

Two  sulfur  isotope  analyses  were 
checked  for  reproducibility  in  another 
laboratory  by  a  different  technique  (SO2 
method).  As  shown  in  Table  5,  the  results 
agreed  within  analytical  error.  Table  5  also 
lists  the  results  of  analyses  on  mineral 
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concentrates  from  the  vein  samples.  The 
differences  between  the  value  for  the  whole 
rock  and  the  mineral  concentrate  are  not 
significant. 


Results  and  Discussion 

Because  the  isotopic  composition  of 
hydrothermal/metasomatic  minerals  de- 
pends not  only  on  temperature,  but  also/?//, 
fugacity  of  oxygen  and  ionic  strength 
(Ohmoto,  1972),  the  fluid  composition  must 
be  constrained  more  tightly  in  order  to 
interpret  the  isotopic  data. 

Thermodynamic  analysis  of  the  phase 
relations  indicate  that  the  veins  formed  in  a 
water-rich  environment  (mole  fraction  CO2 
about  0.1  to  0.2)  at  temperatures  around 
550  -  600°C  and  a  total  pressure  of  200 
MPa  (Giere,  1990b).  Oxygen  and  sulfur 
fugacities  can  be  estimated  on  the  basis  of 
the  mineral  assemblage  graphite  +  ilmenite 
+  rutile + pyrrhotite  found  in  the  phlogopite 
zone.  The  calculations  yield  for  oxygen 
gas,  log/=  -20.0  bar  and  for  sulfur  gas,  S2, 
log/=  -5.0  bar.  These  values  can  in  turn  be 
used  to  calculate  the  fugacities  of  SO2  and 
H2S.  The  results  [log/sc>2  =  "4-8  bars  and 
log^/j^S  =  1 .4  bars]  indicate  that  H2S  was 
the  dominant  sulfur  species  in  the  fluid  and 
thus  a  rather  low  pH  is  implied.  As  shown 
by  Ohmoto  (1972)  sulfides  precipitating  in 
the  H2S  predominant  field  exhibit  ^4S 
similar  to  the  total  <534S  composition  of  the 
fluid.  Thus,  the  £*4S  of  the  vein  sulfur  can 
be  used  as  an  indicator  of  the  source  of  the 
sulfur. 

The  Ti-rich  central  vein  zones  have  an 
average  ^4S  of  approximately  +4%o,  which 


suggests  a  magmatic  source  for  the  vein 
sulfur,  because  fluids  from  granitic  melts 
generally  have  values  in  the  range  of  -3  to 
+7  (Ohmoto  and  Rye,  1979).  Also,  values 
higher  than  +3  %o  are  generally  character- 
istic of  fluids  that  are  relatively  oxidized. 
This  characteristic  is  suggested  in  the 
Adamello  veins  by  the  presence  of  bleached, 
graphite-free  zones  along  their  contacts 
with  the  dolomite  marbles  and  also  by  the 
absence  of  graphite  in  the  forsterite  +  cal- 
cite  zone.  Graphite  occurs  only  in  the  S- 
and  Ti-  rich  central  zones  for  which  the 
fugacities  of  the  sulfur  species  were  cal- 
culated. 

These  conclusions  are  also  consistent 
with  the  Nd  isotope  data  which  suggest  that 
the  vein-forming  fluid  was  in  Nd  isotopic 
equilibrium  with  the  tonalite.  Both  oxygen 
and  carbon  isotope  data  indicate  that  the 
veins  formed  from  a  magmatic  fluid  that 
was  diluted  by  about  50%  by  a  wall  rock 
(dolomite)  component  (Giere,  1990b). 
Similar  to  the  oxygen  and  carbon  isotopes, 
the  strontium  isotopes  point  to  derivation 
of  Sr  from  both  tonalite  and  dolomite  marble 
sources  (Giere  et  al.,  1988).  A  wall  rock 
component  is  not  detectable  in  the  S  and  Nd 
isotope  data,  but  the  concentrations  of  Nd 
and  S  in  the  dolomite  marble  are  very  low 
(Nd  =  0.176  ppm  [isotope  dilution],  S  ,  10 
ppm  [LECO-IR  spectroscopy];  see  Giere, 
1990b). 

In  summary,  the  sulfur  isotope  data  are 
consistent  with  the  conclusions  drawn  from 
other  data,  suggesting  that  the  Ti-rich  veins 
were  formed  from  a  magmatic,  most 
probably  tonalitic  fluid,  that  was  diluted  by 
a  fluid  derived  from  the  adjacent  dolomite 
marble. 
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Oxygen  Isotopic  Zoning  in  Quartz  De- 
termined by  Laser  Microprobe-Isotope 
Ratio  Mass  Spectrometry 

Craig  M.  Schiffries  and 
Douglas  Rumble,  III 

Natural  variations  in  the  oxygen  isoto- 
pic composition  of  silicate  minerals  have 
been  studied  intensively  for  more  than 
twenty-five  years.  Due  to  limitations  in  the 
spatial  resolution  of  the  conventional  ana- 
lytical technique  (Clayton  and  Mayeda, 
1963),  very  little  is  known  about 
intragranular  oxygen  isotopic  zoning  in 
silicates.  We  have  measured  oxygen  iso- 
topic zoning  in  quartz  by  laser  microprobe- 
isotope  ratio  mass  spectrometry  (LM- 
IRMS),  a  technique  capable  of  rapid,  in  situ 
analysis  of  trace  quantities  of  material.  In 
order  to  estimate  the  precision  of  the  data 
and  to  demonstrate  that  the  measured  iso- 
topic variations  are  not  artifacts  of  the 
technique,  a  control  experiment  was  per- 
formed on  a  sample  believed  to  have  a 
uniform  isotopic  composition. 

The  laser  microprobe  optical  system 
(Sharp,  1990)  consists  of  a  20  W  CO2  laser 
(A  =  10.6  urn),  a  coaxial  HeNe  laser,  and  a 
beam  delivery  assembly  with  a  ZnSe  lens 
( 1 2.7  cm  focal  length)  that  focuses  the  laser 
radiation  to  a  spot  with  a  diameter  of  ap- 
proximately 100  jim.  The  laser  radiation  is 
admitted  to  the  vacuum  system  through  a 
BaF2  window  in  the  reaction  chamber.  A 
polished  slab  of  sample  material  is  placed 
in  the  reaction  chamber.  The  sample  is 
degassed  and  prefluorinated  with  BrFs  at 
20°C  to  remove  surface  contaminants.  The 
CO2  laser  is  focused  on  the  sample  using 
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visible  radiation  from  the  coaxial  HeNe 
laser.  A  new  aliquot  of  BrF5  is  expanded 
into  the  reaction  chamber,  and  a  point  on 
the  sample  is  heated  for  about  2  min  with 
the  CO2  laser,  which  produces  a  pit  ap- 
proximately 250  |im  in  diameter.  The 
heating  rate  is  controlled  by  varying  the 
laser  power  and  by  pulsing  the  laser  with  a 
square-wave  generator.  Oxygen  is  liber- 
ated from  a  small  volume  of  the  sample  by 
reaction  with  BrF5  at  high  temperatures. 
The  O2  is  converted  to  CO2  by  reaction  with 
hot  graphite  in  the  presence  of  a  platinum 
catalyst.  The  isotopic  composition  of  the 
CO2  is  analyzed  with  an  isotope  ratio  mass 
spectrometer.  Mass  scans  indicate  that  the 
CO2  gas  does  not  contain  any  significant 
impurities.  Experiments  conducted  with 
CIF3  reagent  gave  erratic  results,  and  some 
mass  scans  indicate  an  impurity  at  m/e  = 
47,  which  correlates  with  COF-. 

Two  samples  from  the  Steenkamsberg 
quartzite  (Transvaal  Supergroup)  were  se- 
lected to  test  the  in  situ  LM-IRMS  tech- 
nique (Table  6).  One  sample  (86-197)  is  a 
coarse-grained  quartzite  that  is  believed  to 
be  isotopically  homogeneous  because  it 
recrystallized  in  response  to  contact  meta- 
morphism  and  fluid  flow  associated  with 
the  emplacement  of  the  Bushveld  Complex 
(SchiffriesandRye,  1989, 1990).  Analyses 
of  the  homogeneous  sample  allow  us  to 
evaluate  the  precision  of  the  technique. 
The  second  sample  (86- 1 99)  is  a  low-grade 
sandstone  that  was  thought  to  be  isotopically 
heterogeneous  because  it  contains  detrital 
quartz  that  is  overgrown  by  diagenetic 
quartz  rims.  The  two  generations  of  quartz 
formed  under  very  different  conditions, 
and  we  expect  them  to  have  different  <5180 


values.  Lee  and  Savin  (1985)  separated 
detrital  quartz  cores  from  diagenetic  rims 
by  laborious  physical  and  chemical  proce- 
dures. They  analyzed  both  fractions  by  the 
conventional  technique  and  found  that  dia- 
genetic overgrowths  generally  have  higher 
a  5180  value  than  detrital  quartz  cores.  We 
expect  isotopic  zoning  to  be  preserved  in 
the  low-grade  sample  (86-199)  because 
quartz  is  extremely  resistant  to  isotopic 
exchange  at  low  temperatures  (O'Neil, 
1987). 

In  situ  LM-IRMS  <5180  analyses  are 
listed  in  Table  6,  and  cOre-rim  relationships 
are  illustrated  in  Fig.  18.  In  situ  <5180 
analyses  of  different  points  on  a  polished 
slab  of  the  recrystallized  sample  (86-197) 
have  a  standard  deviation  of  0. 1 8  %o,  which 
reflects  compounded  analytical  errors  in- 
troduced by  the  laser  microprobe  and  the 
isotope  ratio  mass  spectrometer.  The  pre- 
cision of  the  in  situ  LM-IRMS  technique  is 
comparable  to  the  precision  of  the  conven- 
tional fluorination  technique  for  replicate 
analyses  of  different  sample  aliquots.  The 
average  <5180  values  of  the  cores  and  rims 


86-197 


86-199 


Fig.  18.  Core-rim  5180  relationships  for  quartz 
grains  from  a  low-grade  sandstone  (86-199)  and 
a  recrystallized  sample  (86-197)  from  the  same 
stratigraphic  unit. 
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Analysis 

umole 

8™0 

Comments 

Number 

<X>2 

Sample  86-197 

86-197-11 

31.3 

9.47 

core;  lg.  grain 

86-197-12 

36.5 

9.28 

core;  lg.  grain 

86-197-13 

41.4 

9.74 

rim  of  above  grain 

86-197-14 

29.2 

9.67 

core;  lg.  grain 

86-197-15 

38.7 

9.62 

rim  of  above  grain 

Ave. 

9.56±0.18 

Ave.  rim 

9.68±0.08 

Ave.  core 

9.47±0.20 

Sample  86-199 

86-199-09 

38.0 

9.80 

core;  lg.  grain 

86-199-10 

51.8 

10.46 

rim  of  above  grain 

86-199-11 

40.8 

9.59 

core.  lg.  grain 

86-199-12 

59.8 

9.96 

core;  med.  grain 

86-199-13 

57.0 

9.75 

core;  med.  grain 

86-199-14 

58.2 

9.32 

core;  lg.  grain 

86-199-15 

65.9 

10.35 

rim  of  above  grain 

Ave. 

9.89±0.41 

Ave.  rim 

10.41±0.08 

Ave.  core 

9.68±0.24 

Laser  operating  conditions:  power  =  20-60  %;  pulse  width  =10-100 
ms;  pulse  spacing  =  10-100  ms;  reaction  time  =  120  s;  data  normalized 
toNBS-28  =  9.60%o. 


of  quartz  grains  in  the  recry  stallized  sample 
are  indistinguishable,  within  the  limits  of 
analytical  uncertainty. 

In  situ  LM-IRMS  analyses  of  the  low- 
grade  sandstone  (86-199)  demonstrate  that 
individual  quartz  grains  are  isotopically 
zoned,  with  <5180rim  greater  than  <5180Core 
by  approximately  1.0  %o.  This  result  is 
consistent  with  the  fact  that  diagenetic 
overgrowths  on  sand  grains  are  generally 
enriched  in  180  relative  to  detrital  quartz 
cores  (Lee  and  Savin,  1985).  Although 


oxygen  isotopic  zoning  is  preserved  in  this 
low-grade  sandstone  (86-199),  a  recry  stal- 
lized sample  (86-197)  from  the  same  strati- 
graphic  unit  has  been  homogenized  in  re- 
sponse to  intense  contact  metamorphism 
and  high  temperature  fluid  flow. 

The  determination  of  oxygen  isotope 
ratios  in  silicates  by  LM-IRMS  decreases 
the  reaction  time  by  a  factor  of  100  to  1000, 
and  decreases  the  minimum  sample  size  by 
a  factor  of  10  to  100  relative  to  the  con- 
ventional technique.  In  situ  analysis  im- 
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proves  the  spatial  resolution  of  the  data  and 
eliminates  the  need  for  laborious  sample 
preparation  and  mineral  separation.  The 
ability  to  resolve  intragranular  oxygen 
isotopic  zoning  in  silicate  minerals  allows 
us  to  address  a  wide  range  of  new  problems. 
For  example,  growth  zoning  in  coexisting 
minerals  may  provide  constraints  on  the 
temperature  history  of  mineral  growth. 
Oxygen  isotope  diffusion  zoning  can  be 
used  to  determine  the  cooling  rate  of  some 
igneous  and  metamorphic  rocks. 
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Partitioning  Fe  for  Normative 
Calculations 

Felix  Chayes 

Every  reader  of  the  journal  literature  of 
igneous  petrology  will  be  aware  that  the 
number  of  published  analyses  complete  with 
regard  to  essential  elements  but  lacking 
partition  of  Fe  by  valence  state  is  increasing 
rapidly.  In  the  course  of  planning  an  ex- 
amination of  the  basalt  data  in  IGBADAT 
(the  data  base  for  igneous  petrology  managed 
by  the  IUGS  Subcommission  on  Data  Bases 
for  Petrology),  it  became  apparent  that  this 
number  is  now  so  large  as  to  require  firm, 
clearly  articulated  retrieval  conventions 
concerning  them.  Is  any  such  analysis  to  be 
pressed  into  service  in  an  application  re- 
quiring partition  of  Fe  by  valence  state?  If 
so,  how  is  that  partition  to  be  imposed  upon 
it?  Normative  calculations  come  most 
prominently  to  mind  in  this  connection,  but 
the  same  questions  will  have  to  be  answered 
whenever  chemical  recasting  involving  the 
bi-  or  tri-valent  elements  of  the  analysis 
seems  desirable. 

Determination  of  ferrous  and  ferric  ox- 
ides was  already  one  of  the  hallmarks  of  a 
"complete"  rock  analysis  before  the  rum  of 
the  century,  and  both  determinations  con- 
tinued to  be  regarded  as  prerequisite  for  use 
of  the  CIPW  norm  calculation  -  which  was 
presumed  to  require  such  analyses  -  until 
the  second  world  war  brought  normal  sci- 
entific work  to  a  halt.  The  rapid  develop- 
ment and  acceptance  of  instrumented  ana- 
lytical techniques  in  the  decades  following 
the  war  changed  the  rules,  for  none  of  these 
methods  provides  procedures  for  the  rou- 
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tine  partition  of  Fe  by  valence  state.  Dur- 
ing the  past  thirty  years,  further,  a  consid- 
erable literature  has  developed  suggesting 
that,  even  when  present,  the  analyst's  results 
for  ferrous  and  ferric  oxides  should  be 
discarded  in  favor  of  some  'adjusted'  or 
externally  generated  value  before  the  norm 
is  calculated.  One  shudders  to  think  how 
the  founding  fathers  would  have  viewed 
such  impiety,  but  the  practice  is  now  well 
established.  Analytical  determination  of 
the  Fe  oxide  partition  has  thus  fallen  into 
both  disuse  and  disfavor,  but  the  norm 
calculation  has  not.  Petrologists  do  take 
comfort  in  the  norm,  especially  since  it  no 
longer  need  be  computed  by  hand,  and 
nowadays  the  Fe  oxide  partitioning  actually 
applied  to  a  set  of  data  is  usually  described 
only  by  a  ratio  or  sum  listed  in  a  table 
caption,  often  without  documentation  or 
rationalization  of  any  sort. 

Rationalizations  supporting  the  propri- 
ety of  using  a  calculated  Fe  partition  in 
place  of  an  analytical  one  -  or  in  place  of 
none  -  are  usually  gratifyingly  broad  and 
general.  Sometimes  it  is  considered  es- 
sential because  the  analyzed  specimen  is 
extensively  altered  -  often  a  fine  reason  for 
not  computing  the  norm  at  all!  -  but  more 
commonly  the  adjusted  result  is  thought 
indispensable  for  consistency  in  the  classi- 
fication of  rocks  of  different  kinds  or  in  the 
comparison  of  rocks  of  the  same  kind  from 
different  areas,  or  because  the  computed 
partition  is  considered  more  characteristic 
of  how  things  really  are  in  the  mantle  or  in 
some  other  imagined  environment.  Justi- 
fication of  the  procedure  proposed  in  this 
note  is  much  more  modest  in  scope,  and  of 
a  kind  that  seems  so  far  to  have  escaped 


attention  despite  its  obvious  importance;  it 
is  simply  an  attempt  to  improve  the  concor- 
dance of  the  norm,  the  mineral  assemblage, 
and  perhaps  ultimately  the  mode,  as  de- 
scriptions of  the  analyzed  specimen. 

Even  in  rocks  containing  only  moderate 
amounts  of  Fe  the  effect  of  the  choice  of  Fe 
partition  value  extends  throughout  the  norm 
in  rather  complex  fashion.  It  directly  in- 
fluences the  value  of  the  normative  pa- 
rameter femg ,  which  fixes  the/a  content  of 
ol  and  the/y  content  of  hy,  and  through  its 
effect  on  these  it  also  influences  the  amounts 
of  ol  andpx ,  as  well  as  of  ab,  ne  and  q.  The 
senses  of  these  effects  follow  immediately 
from  the  definitions  of  the  parameters  in 
question  but  their  sizes  are  very  bothersome 
to  calculate  and  are  usually  ignored  (per 
contra,  see  Middlemost,  1989).  A  proce- 
dure that  permitted  routine  quantitative  ex- 
amination of  the  effects  of  varying  Fe  par- 
titions on  the  amounts  and  relations  of 
some  of  these  normative  components  in 
specific  analyses  or  sets  of  analyses  might 
be  very  informative.  If  the  norms  are  to  be 
machine  calculated,  as  nearly  all  norms  are 
nowadays,  it  would  not  matter  much  if  this 
involved  a  little  extra  computation  by  an  ad 
hoc  subroutine.  Of  course,  the  actual  par- 
tition -  the  result  of  the  computation  -  might 
then  vary  from  analysis  to  analysis  in  re- 
sponse to  observed  fluctuations  not  only  in 
Fe  content,  but  also  in  the  contents  of  the 
other  components  included  in  a  particular 
algorithm,  as  in  fact  is  already  the  case  with 
the  Fe  partition  proposed  by  Irvine  and 
Baragar(1971). 

One  of  the  simplest  of  such  procedures 
is  the  partitioning  of  Fe  in  such  fashion  that 
the  fa  content  of  normative  ol  (and/or  the 
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fs  content  of  normative  hy )  will  not  exceed 
some  preset  molar  value  passed  by  the 
main  program  to  the  partition  subroutine 
on  each  call.  Depending  on  the  purpose 
and  logic  of  the  calling  program,  this  critical 
value  could  be  held  constant  throughout  an 
execution  or  might  itself  be  a  variable. 
Readers  interested  in  the  current  (provi- 
sional) version  of  a  sub  routine  designed  to 
do  this  should  request  a  source  listing  of 
subprogram  FeFiddle.  On  completion,  no- 
tice of  the  availability  of  a  properly  polished 
version  will  be  submitted  for  inclusion  in 
the  register  being  compiled  by  the  MSA 
Committee  on  Microcomputers  in  Miner- 
alogy. 

The  procedure  opens  up  the  possibility 
of  immediate  mineralogical  control  of  a 
key  normative  parameter,  for  many  mod- 
ern papers  that  contain  numerous  bulk 
analyses  lacking  Fe  partition  also  contain 


abundant  microprobe  data  on  olivine  and/or 
pyroxene  that  occur  in  the  analyzed  speci- 
mens. Why  should  not  this  information  be 
used  to  reduce  some  of  the  troublesome 
abmodalityofthenorm?  In  the  case  at  hand, 
for  instance,  the  obvious  first  step  would  be 
to  assure  that  normative  ol  is  not  violently 
abmodal,  i.e.  to  set  femg  so  that  normative 
ol  would  be  no  more  fayalitic  than  modal 
olivine  or,  perhaps,  some  small  multiple  of 
it. 
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Igneous  and  Metamorphic  Petrology 
B.  Experimental  Studies 


Fluid  Immiscibility  in  the 

System  H20-NaCl-C02 

as  Determined  From  Synthetic 

Fluid  Inclusions 

Robert  K.  Popp  and  John  D.  Frantz 


Introduction 

The  role  of  aqueous  fluids  in  geological 
processes  spanning  the  entire  range  from 
sedimentary  to  igneous  conditions  within 
the  earth's  crust  has  been  well-documented 
and  intensely  discussed  in  the  recent  lit- 
erature. Of  critical  importance  to  under- 
standing fluid-rock  interaction  in  a  quan- 
titative manner  are  1 )  knowledge  of  equi- 
librium constants  for  chemical  reactions 
between  minerals  and  aqueous  solutes,  and 
2)  knowledge  of  the  physical  properties  of 
the  fluid  itself  over  the  range  of  geologically 
relevant  temperatures,  pressures,  and 
chemical  compositions.  Of  particular  im- 
portance in  many  aqueous  systems  are  the 
conditions  under  which  a  single-phase 
(miscible)  fluid  becomes  unstable  and 
unmixes  to  a  two-phase  (immiscible)  fluid 
assemblage  consisting  of  coexisting  liquid 
and  vapor.  In  addition,  knowledge  of  the 
manner  in  which  the  fluid  components 
partition  between  the  immiscible  liquid 
and  vapor  phases  (i.e.,  the  chemical  com- 
positions of  the  coexisting  phases)  may  be 


crucial  to  understanding  some  geologic 
processes. 

The  geologically  important  binary  sys- 
tems H20-NaCl  and  H2O-CO2  have  been 
the  subject  of  considerable  study,  starting 
in  the  early  1900's  and  continuing  to  the 
present  time.  Attempts  to  understand  the 
more  complex  H20-NaCl-C02  ternary 
system  are  continuing  at  present,  from  both 
theoretical  and  experimental  approaches 
(see  Zhang  and  Frantz,  1989  for  a  review). 

A  relatively  recent  development  in  ex- 
perimental aqueous  geochemistry  is  the 
use  of  synthetic  fluid  inclusions  to  sample 
fluids  at  elevated  temperatures  and  pres- 
sures (Roedder  and  Knopp,  1975;  Shelton 
and  Orville,  1980;  Sterner  and  Bodnar, 
1984).  Recent  developments  in  the  tech- 
niques for  loading  gases  and  gas  mixtures 
along  with  aqueous  salt  solutions  into 
capsules  used  in  hydrothermal  experiments 
(Frantz  et  ai,  1989)  has  opened  the  possi- 
bility of  using  synthetic  fluid  inclusions  for 
the  routine  investigation  of  many  previously 
unstudied  systems.  This  report  presents  the 
initial  results  of  a  study  of  immiscibility  in 
the  system  H20-NaCl-C02  in  the  range 
500°-700°  C  and  1-3  kbar  by  means  of 
synthetic  fluid  inclusions. 


Experimental  Methods 

In  order  to  produce  the  synthetic  fluid 
inclusions  necessary  to  define  the  unmixing 


44 


CARNEGIE  INSTITUTION 


behavior  in  this  system,  the  following  were 
loaded  into  an  Au  capsule  (4.75  mm  OD  x 
4.5  mm  ID  x  -45  mm):  a  fractured  quartz 
prism,  a  Pt  capsule  (3.0  mm  OD  x  2.6  mm 
ID)  containing  a  measured  amount  of  NaCl 
solution,  -60  mg  silica  gel,  and  a  measured 
amount  of  CO2.  The  fractured  quartz  prisms 
(1.8  mm  x  2.5  mm  x  10  mm)  were  prepared 
as  described  by  Zhang  and  Frantz  (1989), 
except  that  the  sequence  of  heating  and 
water-quenching  was  repeated  a  second 
time,  in  order  to  produce  a  more  highly- 
fractured,  but  still  intact  prism.  The  Pt 
capsules  were  filled  with  either  0.5  m,  1.0 
m,  2.0  m,  or  4.0  m  NaCl  solutions  and  cold- 
welded  as  described  by  Frantz  et  al.  ( 1 989); 
the  NaCl  solutions  were  prepared  from 
distilled-deionized  water  and  reagent  grade 
NaCl.  Precisely  measured  amounts  of  CO2 
were  loaded  in  to  the  Au  capsule  by  means 
of  the  gas  pipette  apparatus  and  procedures 
described  by  Frantz  et  al.  (1989).  Afterthe 
Au  capsules  were  welded  and  checked  for 
leaks,  they  were  placed  in  cold-seal  hy- 
drothermal  vessels  pressurized  by  a  water- 
oil  emulsion. 

The  procedures  used  to  increase  tem- 
perature and  pressure  from  room  conditions 
to  final  conditions  have  been  shown  to 
affect  the  results  in  some  fluid  inclusion 
experiments.  If  the  P-T  path  moves  from 
the  one-phase  field  through  a  two-phase 
field,  and  back  into  the  one -phase  field 
during  the  run-up,  there  is  the  possibility  of 
trapping  some  amount  of  the  unmixed  fluid 
that  is  not  present  at  the  final  run  conditions 
(Bodnar  etal.,  1985  ).  In  addition,  Sterner 
et  al.  (1988)  reported  equilibration  prob- 
lems related  to  the  slow  dissolution  rates  of 


salts  in  experiments  in  which  solid  NaCl  or 
KC1  was  loaded  into  the  charge.  Because 
only  relatively  low-concentration  NaCl 
solutions  rather  than  solid  NaCl  were  used 
as  starting  materials  in  this  study,  the  kinetics 
of  salt  dissolution  are  not  of  concern  here. 
In  all  experiments,  the  vessels  were  first 
pressurized  to  1  kbar  at  room  temperature, 
and  then  heated  to  final  temperatures  (500° 
-  700°  C)  while  connected  to  a  large- volume 
ballast  reservoir.  The  increase  in  pressure 
caused  by  heating  was  always  less  than  0.2 
kbar,  and  thus,  nearly  isobaric  heating  was 
achieved.  As  will  be  discussed  below,  the 
effect  of  increasing  temperature  at  constant 
pressure  is  to  expand  the  two-phase  field  of 
stability  relative  to  the  one-phase  field. 
Thus,  there  was  no  case  in  which  the  heating 
caused  the  fluid  to  move  through  an  inter- 
mediate immiscible  field  if  the  final  con- 
ditions lie  in  the  miscible  field.  The  effect 
of  isobaric  heating  is  to  increase  the  specific 
volume  of  the  fluid,  and  thus  fluid  should 
be  continuously  expelled  from  the  essen- 
tially constant-volume  fractures  as  tem- 
perature increases.  After  the  experiments 
reached  final  temperature,  the  pressure  was 
cycled  between  1  kbar  and  either  2.5  or  3.0 
kbar  three  times  over  a  period  of  several 
minutes  before  it  was  adjusted  to  the  final 
run  pressure  (1,  2,  or  3  kbar).  This  proce- 
dure is  presumed  to  flush  the  pores  of  fluid 
present  at  the  end  of  the  temperature  run- 
up. The  pressure  flush  is  an  important  step 
because  the  effect  of  increasing  pressure  at 
constant  temperature  is  to  decrease  the 
extent  of  the  two-phase  field  (see  below). 
Thus,  a  fluid  in  the  immiscible  field  at  low 
pressure  might  lie  in  the  miscible  field  at  a 
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Fig.  19.  Photomicrographs  of  two  types  of  fluid 
inclusions  resulting  from  immiscibility  in  a  sample 
containing  2  molal  NaCl  solution  with  30  wt% 
COj.  The  "liquid-rich"  inclusion  (A)  contains  a 
sodium  chloride  crystal  with;  the  vapor-rich" 
inclusion  (b)  contains  a  much  larger  bubble  with 
CO2  existing  as  both  liquid  and  vapor. 

higher  final  pressure.  Inconsistent  results 
that  could  be  related  to  the  trapping  of  non- 
equilibrium  fluids  during  the  run-up  were 
not  observed. 

Temperatures  of  the  experiments  were 
measured  with  sheathed  chromel-alumel 
thermocouples  that  were  calibrated  against 
ice-water  (0.0°  C),  and  the  melting  tem- 
perature of  Al  (659.7°C).  Given  the  tem- 
perature variations  during  the  runs,  the 
magnitude  of  the  calibrated  temperature 
gradients  within  the  vessels,  and  the  uncer- 


tainty of  the  thermocouples  themselves, 
temperatures  are  considered  to  be  accurate 
to±5°C.  Pressures  were  measured  by  means 
of  a  Heise  bourdon  tube  gauge;  maximum 
variations  of  ±0.05  kbar  were  observed 
during  the  experiments.  Minimum  run 
times  varied  from  3  days  at  700°,  4  days  at 
600°,  to  7  days  at  500°.  The  maximum  run 
time  for  any  experiment  was  8  days.  At  the 
termination  of  an  experiment,  the  vessel 
was  removed  from  the  furnace  and 
quenched  in  a  stream  of  compressed  air; 
room  temperature  was  reached  in  7-10 
minutes. 

After  removal  from  the  capsules,  the 
quartz  prisms  were  doubly  polished  for 
observation  under  a  petrographic  micro- 
scope. For  the  results  presented  in  this 
preliminary  report,  the  distinction  was  made 
optically  as  to  whether  the  inclusions 
trapped  a  fluid  that  lies  in  the  one-phase 
field  or  the  two-phase  field.  In  the  most 
clear-cut  case  for  the  two-phase  field,  two 
different  types  of  fluid  inclusions  were 
observed  in  the  same  area  within  a  sample 
(see  Fig.  19):  (1)  inclusions  that  contain  a 
salt  crystal  in  addition  to  a  bubble,  and  (2) 
inclusions  that  contain  no  salt  crystals,  but 
amuch  larger  bubble  thantype-1  inclusions. 
The  former  type  inclusions  represent  the 
NaCl-rich  "liquid"  phase,  whereas  the  lat- 
ter type  represent  the  C02~rich  "vapor" 
phase,  and  often  contain  both  liquid  and 
vapor  CO2.  Because  the  two  immiscible 
phases  are  likely  to  be  intimately  intermixed 
rather  than  separated  into  a  single  liquid 
and  single  vapor  phase  within  the  capsule 
(Zhang  and  Frantz,  1989),  many  inclusions 
trap  varying  proportions  of  the  two  fluids, 
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and  thus,  a  range  of  inclusions  with  proper- 
ties intermediate  between  type-1  and  type- 
2  are  observed  in  a  single  sample  from  the 
immiscible  field.  For  the  cases  in  which  the 
fluid  was  interpreted  to  lie  in  the  miscible 
field,only  a  single  type  of  inclusion  with  a 
constant  bubble-to  -liquid  ratio  was  ob- 
served. 


Results  and  Discussion 

The  results  of  the  experiments  are  presented 
in  Figure  20,  which  depicts  isothermal- 
isobaric  ternary  H20-NaCl-C02  phase 
diagrams  expressed  in  weight  % .  The  dark 
shaded  circles  represent  fluids  that  lie  in  the 
two-phase  (immiscible)  field  based  on  the 
criteria  discussed  above,  the  open  circles 
represent  fluids  that  lie  in  the  one-phase 
(miscible)  field,  and  the  light  shaded  circles 
represent  fluids  that  may  lie  in  the  immis- 
cible field  but  for  which  the  identification 
of  NaCl  crystals  is  not  absolutely  certain 
because  of  either  small  size  or  small  num- 
bers of  inclusions.  As  described  above,  the 
major  criterion  used  to  classify  the  samples 
as  lying  in  the  immiscible  field  was  the 
observation  of  inclusions  containing  salt 
crystals.  Clearly,  this  criterion  is  less  sen- 
sitive than  measurement  of  homogeniza- 
tion  temperatures  and  clathrate  melting 
temperatures,  which  are  are  presently  be- 
ing carried  out  on  the  samples.  The  fields 
depicted  in  Figure  20  are  considered  to 
represent  the  minimum  extent  of  immisci- 
bility.  That  is,  some  samples  classified  as 
one-phase  based  on  the  absence  of  inclu- 
sions containing  salt  crystals  may  actually 
fall  in  the  two-phase  field  on  the  basis  of  a 


bimodal  distribution  of  clathrate  melting 
temperatures.  The  effect  of  such  samples 
will  be  to  expand  the  immiscible  field  to- 
wards the  H2O  -  NaCl  join. 

Based  on  Figure  20,  several  general 
conclusions  can  be  made  about  the  critical 
behavior  of  H20-NaCl-C02  fluids.  Varia- 
tions of  temperature  and  pressure  within 
the  range  investigated  here  (500  -  700°  C, 
1  -  3  kbar)  have  a  significant  effect  on  the 
location  of  the  two-phase  field.  At  constant 
pressure,  an  increase  in  temperature  expands 
the  extent  of  the  immiscible  field  relative  to 
the  miscible  field.  Thus,  at  1  and  2  kbar 
(top  and  middle  rows,  respectively,  in  Fig- 
ure 20)  as  the  temperature  increases  from 
500  to  700°  C,  the  two-phase  field  expands 
from  right  to  left  towards  the  H2<I>-NaCl 
binary.  At  constant  temperature,  the  effect 
of  decreasing  pressure  is  also  to  expand  the 
extent  of  the  two-phase  field.  At  500°, 
600°,  and  700°  C  (left,  middle,  and  right 
columns,  respectively,  in  Figure  20)  de- 
creasing pressure  expands  the  two-phase 
field  from  right  to  left.  The  combined 
effects  of  temperature  and  pressure  are 
such  that  at  high  T  -  low  P  (700°  C  and  1 
kbar),  the  field  of  immiscibility  covers 
virtually  the  entire  composition  space  in- 
vestigated, whereas  at  low  T  -  high  P  (500° 
C  and  2  kbar)  the  immiscible  field  is  re- 
stricted to  only  the  most  NaCl-rich  and 
CC>2-rich  compositions. 

Comparison  of  the  results  obtained  here 
with  those  of  other  studies  is  limited  because 
there  are  very  few  earlier  studies  in  the 
relevant  P-T-X  range.  Sterner  ef  a/.  (1984) 
reported  results  of  three  synthetic  fluid 
inclusion  experiments  in  this  system  at 
500°  C  and  1  kbar.  In  that  study,  fluids  with 
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Fig.  20.  Approximate  limits  of  immiscibility  as  a  function  of  wt%  H7O,  CO2,  andNaCl.  The  filled  circles 
represent  experiments  in  which  NaCl  crystals  were  observed  in  the  fluid  " 
experiments  in  which  NaCl  was  absent.  "See  text  for  additional  details. 


inclusions;  the  open  circles, 


a  concentration  of  12  wt  %  NaCl  relative  to 
H2O,  and  mole  fractions  of  0.25  and  0.50 
CO2  were  observed  to  fall  in  the  two-phase 
field,  as  was  a  fluid  with  20  wt  %  NaCl  and 
a  0.25  mole  fraction  CO2.  When  those 
compositions  are  corrected  to  wt%  CO2,  as 
is  the  convention  of  this  study,  all  three 
points  all  fall  within  the  500°  C  ,  1  kbar 
two-phase  field  shown  in  Figure  20.  Bow- 
ers and  Helgeson  (1983)  carried  out  theo- 
retical calculations  for  the  H20-NaCl-C02 
system  and  were  able  to  predict  the  location 
of  the  two -phase  field  for  given  P-T  con- 
ditions. Their  results,  however,  give  a 
much  reduced  extent  for  the  field  of  immis- 
cibility as  compared  to  the  results  obtained 
here  and  by  Sterner  et  al.  (1984).  For  ex- 
ample, at  2  kbar  and  12  wt  %  NaCl  relative 
to  H2O,  the  two  phase  field  is  not  encoun- 


tered in  the  temperature  range  500°-700°C, 
i.e.,  the  fluid  is  one-phase  for  all  concen- 
trations of  C02.  For  20  wt  %  NaCl  at  2 
kbar,  the  two-phase  field  is  present  at  500° 
C,  but  all  concentrations  of  CO2  are  in  the 
one-phase  field  at  600°  and  700°  C.  The 
reasons  for  the  differences  between  the 
experimental  and  theoretical  investigations 
are  not  known  at  present. 

The  shift  in  the  location  of  the  two- 
phase  field  in  response  to  changes  in  tem- 
perature and  pressure  observed  in  this  study 
are,  in  general,  consistent  with  those  ob- 
served in  the  H20-CaCl2-C02  system 
(Zhang  and  Frantz,  1989).  However,  the 
extent  of  the  immiscible  field  differs  for  the 
two  different  salts,  with  the  CaCl2  system 
having  a  larger  field  of  immiscibility  for 
fixed  temperature,  pressure  and  weight  % 
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salt  concentration.  For  example,  at  500°  C 
and  both  1  and  2  kbar,  the  two-phase  field 
for  CaCl2  extends  approximately  15-20 
wt%  C02  farther  towards  the  H20-salt 
binary  than  does  the  two-phase  field  in  the 
NaCl  system. 

Based  on  the  results  obtained  in  this 
study,  it  is  concluded  that  the  field  of  im- 
miscibility  extends  to  much  higher  tem- 
peratures and  pressures  than  either  the  bi- 
nary NaCl-H20  orC02-H20  systems  alone 
would  indicate.  Even  small  amounts  of 
NaCl  can  be  sufficient  to  cause  unmixing  to 
occur.  These  results  can  be  significant  for 
interpreting  natural  metamorphic  assem- 
blages in  light  of  experimental  studies. 
Many  of  the  experimentally  determined, 
NaCl-free,  equilibria  depicted  in  terms  of  T 
-  ^C02  diagrams  may  not  be  applicable  if 
small  amounts  of  NaCl  in  the  natural  fluids 
have  caused  the  fluid  to  become  two-phase. 
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Solubility  Mechanisms  of  H2O  in  Ca- 
Aluminosilicate  Melts  at  High  Pressure 

Bjorn  O.  My  sen 

Dissolved  water  affects  chemical  and 
physical  properties  of  silicate  melts.  For 
example,  transport  properties  are  strongly 
enhanced  in  hydrous  melts  compared  with 
their  anhydrous  equivalents.  Melt  viscos- 
ity can  be  lowered  by  up  to  several  orders 
of  magnitude  (e.g.,  Shaw,  1963;  Kushiro, 
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Fig.  21.  Examples  of  Raman  spectra  of  anhydrous 
CA2S8  (A),  low-frequency  segment  of  CA2S8  + 
5  wt%  H2O  (B),  and  nigh-frequency  envelope  of 
CA2S8  +  5  wt%  H20  CQ. 

1978;  Dingwell  and  Mysen,  1986).  Cation 
diffusivity  is  increased  (Watson,  1979)  as 
is  electrical  conductivity  (Takata  et  al., 
1981 ;  Satherley  and  Smedley,  1985).  Solu- 
tion of  water  generally  results  in  a  decrease 
in  silica  activity  (e.g.,  Kushiro,  1989; 


Kushiroeftf/.,  1968;  Carmichael  era/.,  1976; 
Mysen  and  Boettcher,  1975). 

In  order  to  understand  how  melt  struc- 
ture controls  such  properties  and  how  H2O 
interacts  with  silicate  melts,  examination 
of  the  solubility  and  solubility 
mechanism(s)  of  water  is  needed.  The  base 
compositions  in  most  experimental  solu- 
bility studies  have  been  alkali  aluminosili- 
cates.  With  the  exception  of  rhyolite,  50% 
or  more  of  the  metal  cations  in  common 
magmatic  liquids  are  divalent  (Ca2+,  Mg2+ 
and  Fe2+)  of  which  over  50%  is  Ca2+ 
(Mysen,  1988).  Thus,  in  order  to  under- 
stand the  interaction  between  water  and 
natural  magmatic  liquids,  experimental  data 
for  alkaline  earth  aluminosilicate  melts  are 
needed.  As  a  step  in  this  direction,  interac- 
tions between  H2O  and  melts  in  the  system 
CaO-Al203-Si02  have  been  examined. 

Starting  materials  were  glasses  formed 
by  melting  CaC03  +  AI2O3  +  Si02  oxide 
mixtures  at  1550°-1660°C  for  1-4  hours 
subsequent  to  decarbonation  of  CaC03  at 
~1300°C  in  vertical  quench  furnaces.  All 
compositions  were  on  the  join  CaAl204  - 
Si02  with  their  AV(A1  +  Si  =  0.125, 0.200, 
0.25,  and  0.333).  The  water  was  double 
distilled  and  deionized before  use,  and  D2O 
was  95.7%  D2O  with  the  remainder  as  light 
water.  The  H2O  contents  ranged  from  3  to 
10  wt%. 

The  hydrous  glasses  were  produced  in 
the  solid-media,  high-pressure  apparatus 
(Boyd  and  England,  1960).  About  20  mg 
samples  together  with  known  amount  of 
H2O  (or  D2O)  in  sealed  Pt  capsules  were 
subjected  to  13-15  kbar  and  1500-1700°C 
with  run  durations  ranging  from  1.5  to  64 
hours  in  1/2" -diameter  Pyrex  glass  - 
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AlSiMag  furnace  assemblies  without  ex- 
ternal control  of  the  fH2.  Quenching  rates 
were  ~100°C/s.  Structural  information  was 
obtained  with  an  automated  Raman  spec- 
troscopy system  described  elsewhere 
(My sen,  this  Report). 

Solution  of  H2O  in  calcium  aluminate  - 
silica  melts  results  in  several  changes  in  the 
high-frequency  portion  of  the  Raman  spec- 
tra compared  with  those  of  the  anhydrous 


equivalents  (Fig.  21).  In  contrast  to  the 
anhydrous  system,  the  frequencies  of  all 
the  bands  in  the  900- 1 300  cm-1  region  show 
a  continuous  decrease  with  increasing  Al/ 
(Al+Si)  (Fig.  22).  In  the  spectra  of  SiC>2- 
H2O  melts,  an  intense  narrow  band  appears 
near  970  cm-1  (Mysen  and  Virgo,  1986). 
This  band  is  assigned  to  Si-OH  stretching 
(e.g.,  Stolen  and  Walrafen,  1976).  The  -15 
cm-1  frequency  reduction  by  substitution 


.    1300 

E 

°_  1200 

§1100 

of  1000 


900 


.Anhydrous 

• 

11               _ 

■ 

n K 

1                     rn 

LJ 
• 

U     1150 

""""      •     1060 

■ 

©     970 

0.0  0.1  0.2  0.3 

AI/(AI+Si) 


0.4 


o  11001 
1 1000 
£    900  r 


0.1  0.2 

AI/(AI+Si) 


0.2 
AI/(AI+Si) 


0.1  0.2 

AI/(AI+Si) 


T  1300 
§1200 
^1100 
§1000 
?  900 
800 


0.0 


■5  wt%  H20 

■ 

■ 

1  -■ 

—  n 

H  1200 

—S     1150. 

O -Q- 

n_ 

~>,970 

•     1060 

A 

A 

*      900      . 

0.1 


0.2 
AI/(AI+Si) 


0.3 


0.4 


0.2 
AI/(AI+Si) 


Fig.  22.  Raman  frequencies  of  important  bands  in  the  high-frequency  segment  of  the  low-frequency 
portion  of  spectra  as  a  function  of  Al/(A1+Si)  at  total  water  concentrations  indicated.  The  average  values 
are  for  all  the  H2O  contents  (the  samples  with  D2O  are  not  included). 
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Fig.  23  Frequencies  of  VQ70  band  as  a  function  of 
Al/(A1+Si)  at  constant  H2O  content  (A)  and  as  a 
function  of  total  water  content  at  Al/(A1+Si)  indi- 
cated on  lines.  Shaded  squares  are  from  D?0- 
samples.  The  lines  from  0  to  3  wt%  H2O  are  dashed 
as  it  is  not  likely  that  the  V970  bana  in  spectra  of 
anhydrous  samples  is  the  same  band  as  in  the 
hydrous  equivalents. 

of  2H  for  !H  is  consistent  with  the  antici- 
pated frequency  decrease  caused  by  the 
mass  difference  of  the  oscillators  (Freund, 
1982)  in  Si-OH  and  Si-OD. 

In  the  spectra  of  CaAl204  -  S1O2  -  H2O 
samples  there  is  no  visually  well-defined 
band  near  970  cm"1  (see  Fig.  21).  There  is, 
however,  an  increase  in  intensity  in  this 
general  frequency  region  resulting  in  a 
band  fitted  near  960  cm- 1 .  In  contrast  to  the 
behavior  of  the  970  cnr1  band  in  hydrous 
silica  glasses,  this  V970  band  does  not  shift 
significantly  in  frequency  as  H2O  is  sub- 
stituted with  D2O  (Fig.  23).  In  the  spectra 
of  the  most  water-rich  samples,  the  band 
can  be  deconvoluted  into  two,  one  near  970 
cm"1  (V970)  and  one  near  900  cnr1  (V900) 
(Fig.  21).  There  are  no  systematic  relation- 
ships between  the  frequency  of  the  n9oo 


6         8        10       12 
H20,  wt% 

Fig.  24.  Frequencies  of  V900  band  as  a  function  of 
Al/(A1+Si)  at  constant  H2O  content  (A)  and  as  a 
function  of  total  water  content  at  Al/(A1+Si)  (B) 
indicated  on  lines.  Shaded  squares  are  from  D2O- 
samples. 

band  and  substitution  of  deuterium  for  hy- 
drogen in  the  water  (Fig.  24).  Because  this 
band  does  not  show  this  frequency  decrease, 
it  is  difficult  to  associate  its  presence  with 
(Si,Al)-OH  stretching.  Instead,  it  assigned 
to  (Si,Al)-0_  stretching  thus  reflecting  the 
presence  of  nonbridging  oxygen  in  hy- 
drous Ca-aluminosilicate  melts. 

There  are  at  least  three  possible  assign- 
ments of  the  970  cnr  1  band  in  the  hydrous 
CaAl204-Si02-H20  melts,  (i)  There  is  a 
band  near  970  cm-1  in  anhydrous  calcium 
aluminate  -  silica  melts  (Seifertef  <z/.,  1982; 
McMillan  et  ai,  1982)  that  is  part  of  the 
signature  of  the  three-dimensionally  inter- 
connected network.  The  n970  band  inten- 
sity in  anhydrous  CaAl204-Si02  melts  is 
insensitive  to  Al/(A1+Si)  (Fig.  25A), 
whereas  in  hydrous  melts,  the  area  ratio, 

^970/(^970  +  M\50  +  A1200), tends  t0  in- 
crease with  Al/(A1+Si)  (Fig.  25B)  in  par- 
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Fig.  25.  Selected  area  ratios  involving  the  V970 
bands  as  a  function  of  H2O  contents  for  compo- 
sitions indicated  The  data  point  for  Al/(A1+Si)  = 
0  (SiC>2)  in  (B)  is  connected  with  dashed  arrow  as 
it  is  not  likely  that  this  band  is  the  same  as  in  the 
AJ-bearing  samples.  The  Ag70/(A97G+Aj6op)  for 
Al-free  S1O2-H2O  quenched  melt  in  (C)  is  shown 
as  shaded  for  comparison. 

ticular  with  the  lowest  water  contents  (3 
wt%).  It  would  appear,  therefore,  that  the 
V970  band  in  hydrous  calcium  aluminosili- 
cate  melts  is  not  the  same  band  as  that  near 
970  cm-1  in  the  anhydrous  equivalents,  (ii) 
The  Si-OH  stretch  vibrations  also  are  near 
970cm-l  (e.g.,  Stolen  and  Walrafen,  1976). 
In  Si02-H20  melts  the  V970A  V970  +  V1600) 
is  insensitive,  however,  to  H2O  concentra- 
tion and  may  actually  decrease  with  the 


highest  water  content,  whereas  this  area 
ratio  increases  with  water  content  in  the 
aluminous  samples  (Fig.  25C).  Further- 
more, in  Si02-H20  melts  the  frequency  of 
the  970  cm*1  band  is  sensitive  to  2H  sub- 
stitution for  *H,  whereas  in  Al-bearing 
melts,  no  frequency  dependence  of  the 
atomic  weight  of  hydrogen  was  observed 
(Fig.  23).  The  behavior  of  the  V970  band  in 
the  hydrous  CaAl204  -  Si02  melts  is, 
therefore,  difficult  to  reconcile  with  an 
assignment  to  (Si,Al)-OH  stretching,  (iii) 
Finally,  it  is  possible  that  this  band  reflects 
(Si,Al)-0~  (O"  denotes  nonbridging  oxy- 
gen) formed  in  these  originally  fully  poly- 
merized melts  through  interaction  with 
H20. 

The  appearance  of  a  1600  cm-1  band  in 
spectra  of  aluminum-bearing  melts  on  the 
CaAl204-Si02  join  band  is  similar  to  that 
of  pure  Si02,  and  also  resembles  that  of 
melts  on  the  join  NaA102-Si02  (McMillan 
and  Remmele,  1986;  Mysen  and  Virgo, 
1986).  That  band  is  assigned  to  H-O-H 
bending  and  requires  the  presence  of  mo- 
lecular H2O  in  the  sample  (Scholze,  1960; 
Stolper,  1982). 

The  absence  of  a  clear  970  cnr  *  band  that 
could  be  assigned  to  Si-OH  [or  (Si,Al)- 
OH]  stretching  leads  to  the  suggestion  that 
OH-groups  bonded  to  Si4+  are  not  of  major 
importance  in  aluminosilicate  melts,  -  a 
conclusion  also  reached  by  Mysen  and 
Virgo  (1986)  and  McMillan  and  Remmele 
(1986)  for  melts  in  the  system  NaA102- 
Si02-H20.  Other  forms  of  OH-complexing 
will  result  in  the  formation  of  non-bridging 
oxygen.  Nonbridging  oxygens  could  form 
via  two  mechanisms.  Either  OH-groups  are 
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associated  with  Ca2+  or  with  Al3+.  For  the 
formation  of  Ca(OH)2  (Ca..OH 
complexing),  the  reaction  is; 

CanAl2nSi2m04(n+m)+nH20<=>nCa(OH)2 

+2nAP++3nSi032-+(2m-3n)Si02,    (1) 

and  for  Al(OH)3  (A1..0H  complexing),  it 
is; 

CanAl2nSi2m04(n+m)+3nH20<=>2nAl(OH)3 
+nCa2++nSi032-+(2m-n)Si02.        (2) 

For  reaction  (1),  6  nonbridging  oxygens 
will  be  formed  per  mol  H2O  dissolved  in 
the  melt  as  Ca(OH)2,  whereas  for  reaction 
(2)  2/3  NBO  wiU  be  formed  per  mol  H2O 
dissolved  as  Al(OH)3  (Table  7).  This  effect 
of  dissolved  water  on  the  melt  structure, 
also  found  for  melts  in  the  system  Na  AIO2- 
Si02-H20  (My sen  and  Virgo,  1986),  is  the 
result  of  the  need  to  charge-balance  tetra- 
hedrally-coordinated  Al3+ with  Ca2+.  If  one 
Ca2+  interacts  with  H2O  to  form  Ca(OH)2, 
two  Al3+  originally  in  tetrahedral  coordi- 
nation in  anhydrous  melt  become  network- 
modifiers.  Each  of  these  Al3+  cations  ex- 
pelled from  the  tetrahedral  network  can 


stabilize  three  nonbridging  oxygens.  Thus, 
for  each  Ca(OH)2  formed  by  this  mecha- 
nism, 6  nonbridging  oxygens  are  formed. 
If,  on  the  other  hand,  Al(OH)3  complexes 
are  formed,  one  Ca2+  will  become  net- 
work-modifying for  two  Al3+  forming 
Al(OH)3.  Thus,  2  nonbridging  oxygens 
will  be  stabilized  in  the  melt  per  two 
Al(OH)3  complexes  formed  by  interaction 
between  Al3+  and  H2O.  This  reaction  re- 
quires three  H2O,  and,  thus  2/3  NBO  will 
be  formed  per  mol  H2O  dissolved  as 
Al(OH)3. 

In  summary,  water  is  dissolved  in  cal- 
cium aluminosilicate  melts  to  form  OH- 
complexes  with  all  the  cations  present  (in- 
cluding H+).  In  contrast  to  the  spectro- 
scopic observations  from  melts  in  the 
NaA102-Si02  system  (Mysen  and  Virgo, 
1986),  (Si,  Al)-OH  bonding  cannot  be  ruled 
out  completely,  but  such  bonds  are  of  sub- 
ordinate importance.  In  both  Na-  and  Ca- 
aluminosilicate  melts,  the  Al-OH  bonds 
become  more  important  relative  to  Ca-OH 
(or  Na-OH)  as  the  melts  become  more 
aluminous.  This  trend  results  in  less  effi- 
cient depolymerization  of  the  melts  the 
more  aluminous  they  are. 


Table  7.  Rate  of  change  of  NBO/7  with  H2O  concentration  in  OH-com- 
plexes  [d(NBO/T)/dH20] 


AV(A1+Si) 

a(NBO/T)/a(H20),  mol"1 

(Si,Al)0(OH) 

Al(OH)3 

Ca(OH)2 

0.125 

0 

1/9 

1/2 

0.200 

0 

1/6 

3/4 

0.250 

0 

2/9 

1 

0.333 

0 

1/3 

3 
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Experimental  Determination  of  the/o2 

of  the  Graphite/Diamond-COH  Fluid 

Buffer  up  to  a  Pressure  of  15  GPa 

Yingwei  Fei,  Bjorn  O.  Mysen, 
and  Ho-Kwang  Mao 

Characterizing  the  oxidation  state  of  the 
graphite/diamond-COH  fluid  buffer  is  es- 
sential to  experimental  petrology  and 
mineral  physics  because  both  graphite 
capsules  and  diamond  anvils  are  used  in 
high-pressure  experiments.  It  is  an  alter- 
native experimental  approach  to  obtain 
information  on  the  behavior  of  COH  fluids 
at  high  pressure  and  temperature.  The/c^ 
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of  the  graphite/diamond-COH  fluid  buffer 
may  be  determined  by  bracketing  the/02 
with  known  metal-oxide  buffers  (e.g.,  Ni- 
NiO,  FeO-Fe304,  and  MnO-Mn304). 
Thompson  and  Kushiro  (1 972)  determined 
the/o2  of  the  graphite-oxygen  buffer  in  the 
pressure  range  from  1  to  2  GPa,  using  the 
wiistite-magnetite  buffer  as  a  reference. 
Recently,  Ulmer  and  Luth  (1988)  mapped 
the  P-T-fo2  conditions  of  the  graphite-COH 
fluid  equilibrium  at  pressures  to  2  GPa  in 
the  temperature  range  1073  - 1773  K,  using 
various  metal-oxide  buffers.  In  this  study, 
the/02  of  the  graphite/diamond-COH  fluid 
buffer  has  been  determined  up  to  a  pressure 
of  4  GPa  with  the  piston-cylinder  apparatus 
and  up  to  15  GPa  with  the  multi-anvil 
device. 

The  experiments  were  performed  with  a 
conventional  double  capsule  technique  with 
a  magnetite-hematite  (Fe304-Fe2C>3) 
buffer  between  the  capsules  and  the  mix- 
tures of  metal-oxide  and  graphite  sealed 
with  H2O  in  the  inner  capsule.  Thermody- 
namics of  reactions  in  the  system  C-O-H 
and  the  experimental  approach  were  de- 
scribed by  Ulmer  and  Luth  (1988).  Three 
different  double-capsule  assemblages  were 
used  in  the  experiments;  5  mm  Pt  outer 
capsule  with  3  mm  Pt  inner  capsule  (5-3 
mm),  3  mm  Pt  outer  capsule  with  1 .7  mm  Pt 
inner  capsule  (3-1.7  mm),  and  1.7  mm  Pt 
outer  capsule  with  1  mm  Pt  inner  capsule 
(1.7-1  mm).  Results  obtained  by  using  dif- 
ferent capsule  assemblages  were  consis- 
tent as  long  as  hematite,  magnetite  and  H2O 
were  present  between  the  capsules,  and 
graphite/diamond  and  fluid  were  present  in 
the  inner  capsule. 


At  a  pressure  of  4  GPa,  Ni-NiO  and 
FeO-Fe304  buffers  were  used  to  bracket 
the  /o2  of  the  graphite-COH  fluid  buffer. 
NiO  and  Fe304  were  used  as  starting  mate- 
rials in  the  experiments.  The  run  products 
were  examined  optically  and  with  x-ray 
diffraction.  In  the  experiments  NiO,  mixed 
with  graphite  and  H2O,  was  completely 
reduced  to  Ni  at  a  temperature  of  1423  K 
but  remained  stable  at  1323  K  after  22 
hours.  Both  NiO  and  Ni  were  present  in  a 
24-hour  experiment  at  a  temperature  of 
1373  K. 

At  pressures  of  8  and  15  GPa,  NiO 
and  Mn304  were  used  as  starting  materials. 
The  charges  were  loaded  in  the  1.7-1  mm 
double-capsule  assemblage.  The  experi- 
ments were  carried  out  with  an  uniaxial 
split-sphere  anvil  apparatus  (USSA2000) 
at  Mineral  Physics  Institute  of  SUNY, 


Pressure,  GPa 

Fig.  26.  The/o2of  the  graphite/diamond-COH  fluid 
buffer  at  pressures  to  1 6 UPa  and  a  temperature  of 
1673  K.  Summarized  experimental  results  are 
shown  by  the  dashed  line.  Downward-pointing 
and  upward-pointing  arrows  indicate  that  the  re- 
ducedand oxidized pnases,  respectively,  are  stable 
under  the  graphite/diamond-COH  fluid  buffer. 
Open  circles  represent  reversed  results,  constrained 
by  both  Ni-NiO  and  MnO-Mn304  buffers.  WM, 
NN,  and  MM  represent  FeO-Fe304,  Ni-NiO,  and 
MnO-Mm04  buffers,  respectively.  Solid  line  is 
calculated  from  thermodynamic  data  and  the 
equations  of  state  of  COH  fluids  (Saxena  and  Fei, 
1987,  1988). 
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Stony  Brook.  A  detailed  description  of  the 
apparatus,  sample  assembly,  and  pressure- 
temperature  calibration  was  given  by 
Gasparik  (1989).  At  a  temperature  of  1673 
K,  NiO  remained  stable  after  run  for  an 
hour  at  a  pressure  of  8  GPa,  but  MnsCU  was 
reduced  to  MnO  in  an  hour  at  15  GPa. 
Diamond  and  trace  amount  of  MnCC>3  were 
present  in  the  recovered  charges. 

The  experimental  results  are  summa- 
rized in  Figures  26  and  27.  Figures  26  and 
27  show  the  experimentally  determined/02 
of  the  graphite/diamond-COH  fluid  buffer 
up  to  a  pressure  of  15  GPa  and  at  tempera- 
tures of  1673  and  1273  K,  respectively 
(dashed  lines).  The  P-T-fo2  relations  of 
metal-oxide  buffers  were  used  to  calibrate 
the/02  of  the  graphite/diamond-COH  fluid 
buffer.  The  T-fy2  relations  of  FeO,  Ni-NiO, 
and  MnO-Mn304  buffers  are  from  Myers 
and  Eugster  (1983),  Holmes  et  al.  (1986), 
and  Huebner  and  Sato  ( 1 970),  respectively. 
The  pressure  effect  on  the/o2  of  the  metal- 
oxide  buffers  were  calculated  by 
where  AV(P,T)  is  the  volume  change  for  the 

log/o2  =  log/o2(l,r) 

AV(PJ)dP  (1) 


i-f 

)3RT)i 


2.303R7 

j  1 

reaction  at  given  pressure,  P,  and 
temperature, T.  The  Birch-Murnaghan 
equation  of  state  was  used  in  the  calcula- 
tion. Table  8  lists  data  on  molar  volume, 
V298,  thermal  expansivity,  a,  and  isother- 
mal bulk  modulus,  K0,  and  its  pressure  de- 
rivative, K0;  for  metals  and  oxides  used  in 
this  study.  Accurate  calculation  of  the  pres- 
sure effect  on  the  /o2  of  the  metal-oxide 
buffer  is  crucial  to  mapping  the  P-T-fo2 
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Fig.  27.  The/o2  of  the  graphite/diamond-COH  fluid 
buffer  at  pressures  to  16  <3Pa  and  a  temperature  of 
1273  K.  Symbol  explanations  are  same  as  in  Fig. 
26. 

relations  of  the  graphite/diamond-CHO 
fluid  buffer  at  high  pressure. 

The/o2  of  the  graphite/diamond-CHO 
fluid  buffer  at  a  pressure  of  4  GPa  is  well 
constrained  by  both  the  FeO-Fe304  and  Ni- 
NiO  buffers,  shown  by  the  open  circles  in 
Figures  26  and  27.  At  higher  pressures,  the 
/o2  of  the  buffer  needs  to  be  further  con- 
strained by  carefully  choosing  suitable 
metal-oxide  buffers. 

Figures  26  and  27  also  show  calculated 
curves  for  the  graphite/diamond-COH  fluid 
buffer.  The  calculation  is  based  on  the 
thermodynamic  data  and  the  equations  of 
state  of  COH  fluids  (Saxena  and  Fei,  1987, 
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Fig.  28.  The/o2°f the  graphite/diamond-COH  fluid 
buffer  relative  to  that  of  the  wiistite-magnetite 
(WM)  buffer  at  pressures  to  8  GPa  and  tempera- 
tures of  1273,  1473,  and  1673  K. 
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Table  8.  Thermophysical  data  for  metals  and  oxides  used  in  this  study 


Phases 

V298,  cm3/mol 

aClO6),  1/K 

K0,  GPa 

K0' 

Ni 

6.588a 

38.40* 

203.00* 

4.00* 

NiO 

10.970* 

32.39*" 

170.99*" 

4.00* 

FeO 

12.040* 

36.40*" 

178.24*" 

4.00* 

Fe304 

44.524* 

35.87* 

183.00f 

4.00* 

MnO 

13.221* 

34.50*" 

156.00*" 

4.00* 

Mn304 

46.950* 

35.87* 

183.00* 

4.00* 

aRobicetal  (1978). 
*Gray  (1982). 
*assumed. 
*"Carmichael  (1982) 
*see  Fei  and  Saxena  (1986) 
/Mao  et  al.  (1974) 
£same  as  that  of  Fe304 


1988).  Ideal  mixing  for  COH  fluids  was 
used  in  the  calculation.  The  calculated 
pressure  effects  on  the  fo2  of  the  buffer, 
indicated  by  the  slope  of  the  curves,  are 
generally  consistent  with  the  experimental 
results,  though  the  calculated  fy2  of  the 
buffer  are  systematically  lower  than  the 
experimental  results. 

Figure  28  shows  the/o2  of  the  graphite/ 
diamond-COH  fluid  buffer  relative  to  that 
of  the  wtistite-magnetite  (WM)  buffer  at 
pressures  to  8  GPa  and  temperatures  of 
1273,  1473,  and  1673  K,  based  on  the 
present  experimental  results.  The  graphite/ 
diamond-COH  fluid  buffer  represents 
higher  fy2  conditions  than  the  wiistite- 
magnetite  buffer  at  pressures  above  6  GPa 
and  temperatures  below  1673  K.  This  im- 
plies that  some  parts  of  the  upper  mantle, 
where  evidence  indicates  the  coexistence 
of  graphite/diamond  and  a  COH-fluid,  could 
be  more  oxidized  than  the  wustite-magne- 
tite  buffer. 
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Molecular  Dynamics  Simulations 

of  Chemical  Diffusion 

between  mgs1o3  and  mg2s1o4  melts 


J.  D.  Kubicki 


however,  whether  the  rates  and  mecha- 
nisms are  similar  in  self-diffusion  and 
chemical  diffusion.  In  addition,  experi- 
ments to  determine  chemical  diffusion  rates 
in  relevant  compositions  at  mantle  tem- 
peratures (2000  to  2500  K)  and  pressures  ( 1 
to  10  GPa)  are  non-existent  because  of 
technical  difficulties  associated  with 
working  at  high  pressure  and  temperature 
simultaneously  (Gasparik,  1989).  Hence, 
this  study  was  undertaken  to  investigate 
differences  between  self-diffusion  and 
chemical  diffusion  and  to  predict  diffusion 
coefficients  in  melts  of  geophysical  inter- 
est under  mantle  conditions. 

Molecular  dynamics  (MD)  simulations 
have  been  limited  to  the  study  of  diffusion 
in  melts  of  homogeneous  compositions 
(Kubicki  and  Lasaga,  1990a).  Rates  and 
mechanisms  of  chemical  diffusion  are  di- 
rectly compared  to  MD  simulations  of  self- 
diffusion  in  melts  of  the  same  composition 
under  the  same  pressure  and  temperature 
conditions  (Kubicki  and  Lasaga,  1990b). 
The  theoretical  predictions  are  also  com- 
pared to  experimental  data  at  lowerpressure 
and  temperature  conditions. 


Introduction 

Diffusion  along  concentration  gradients 
(i.e.  chemical  diffusion)  is  an  important 
process  in  crystal  growth  from  melts  and 
equilibration  within  partially  molten  sys- 
tems (Hofmann,  1980).  However,  most 
work  to  date  on  diffusion  in  silicate  melts 
has  focused  on  tracer  diffusion,  not  chemical 
diffusion  (Shimizu  and  Kushiro,  1984; 
Watson  and  Baker,  1990).  It  is  not  clear, 


Simulation  conditions 

The  potentials  employed  here  to  simu- 
late ionic  interactions  were  derived  from 
molecular  orbital  calculations  on  H6Si207 
(Lasaga  and  Gibbs,  1987)  and  modified 
electron-gas  calculations  on  Mg-0  (Cohen 
and  Gordon,  1976).  Equilibrated  computer 
runs  for  MgSi03  and  Mg2SiC>4  melts  from 
an  earlier  study  of  self-diffusion  (Kubicki 
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Fig.  29.  Computer-aided  graphics  illustrate  the  MD  cell  used  for  these  simulations.  The  arrow  points 
to  the  interface  between  the  MgSi03  andMg?Si04  melts.  Si4+ions  are  white,  O2"  ions  are  blue,  and  Mg2+ 
ions  are  red  crosses.  The  Quanta  program  (Polygen)  was  used  on  the  IRIS  4D/60T  workstation  (Silicon 
Graphics)  to  generate  this  3-dimensional  image  of  the  initial  time  step. 


and  Lasaga,  1990b)  provided  the  starting 
configurations  for  the  initial  time  step  of 
this  simulation.  The  two  separate  MD  cells 
were  combined,  doubling  the  number  of 
particles  (n  =  642)  and  the  length  of  the  z- 
axis  (x  =  y  =  16.225  A;  z  =  32.45  A)  of  the 
central  cell  (Fig.  29).  The  two  melt  compo- 
sitions were  then  allowed  to  interact  at  the 
interface  with  no  special  boundary  condi- 
tions or  restrictions.  Three-dimensional 
boundary  conditions  are  employed  at  the 
other  edges  of  the  original  cells.  Thus,  the 
two  end-member  compositions  are  infinite 
in  two  dimensions  and  alternate  in  layers  in 
the  third  direction.  Movement  of  the  ions 


was  calculated  with  the  Schofield  algo- 
rithm (Schofield,  1973).  Simulations  were 
run  with  a  time  step  of  1  fs  for  200,000  time 
steps  at  2500  K  and  2.5  GPa  and  5000  time 
steps  at  5000  K  and  4  GPa.  All  simulations 
were  run  in  the  microcanonical  ensemble 
(constant  N,  V  and  E). 


Diffusion  Coefficients 

Diffusion  coefficients  (Di)  may  be  ob- 
tained from  the  Einstein  equation 

Di    =    (1/6W0  <(n(T)  -  ri(0))2>   (1) 
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Fig^30.  Mean- squared  displacements  (MSD)  of 
Mg2+,  Si4+  and  O2"  ions  from  MD  simulations  at 
25D0K  plotted  versus  time.  The  slopes  of  the 
relationships  presented  here  are  taken  from  least- 
square  fits  to  the  data  between  t{  1 000)  and  r(48,000) 
to  determine  diffusion  coefficients  (Equation  1; 
see  text  for  explanation). 

where  T  =  a  chosen  time  interval,  (n(z)  - 
n(0))2  is  the  squared  displacement  of  an 
ion  of  type  T  and  N  is  the  number  of  Si4+, 
Mg2+or  O2"  ions  in  the  MD  cell.  The 
'<. . .  >'  represents  a  running  average  over 


the  length  of  the  simulation.  Figure  30  is  a 
plot  of  the  mean-squared  displacement 
(MSD)  versus  time  for  the  MgSi03- 
Mg2.Si04  coupled  system  at  2500  K.  The 
Di's  were  determined  from  the  slope  of  a 
linear  least-squares  fit  to  the  curves  in 
Figure  30  between  t(1000)  and  t(48,000) 
and  are  presented  in  Table  9.  The  Di's 
calculated  from  the  chemical  diffusion 
simulation  are  consistently  lower  than  the 
Di's  calculated  from  self -diffusion  simu- 
lations under  identical  conditions.  Thus,  it 
is  possible  to  conclude  that  the  two  processes 
are  not  identical  and  that  diffusion  coeffi- 
cients obtained  from  self-diffusion  experi- 
ments should  not  be  applied  to  cases  where 
chemical  diffusion  is  taking  place.  The 
reason  for  this  difference  is  that  coupling 
between  the  diffusion  of  the  ions  is  neces- 
sary to  maintain  local  charge-balance  within 
the  melt. 

The  time  scale  of  MD  simulations  is  so 


Table  9  -  Diffusion  coefficients  and  activation  energies  from  MD  simulations. 
MgSiC>3  and  Mg2SiC>4  columns  are  self-diffusion  coefficients;  the  MgSi03  - 
Mg2SiC>4  values  are  chemical  diffusion  coefficients  from  the  system  in  Figure29. 


Di  (x  10-6  cm2/s) 


MgSi03 


MgSi03-Mg2Si04 


Mg2Si04 


Mg(2500K) 

5.6(12.4) 

3.6 

9.5  (7.3) 

Si(2500K) 

1.4  (3.7) 

0.3 

2.3  (1.4) 

O(2500K) 

1.9  (5.6) 

0.8 

3.8  (2.5) 

Values  in  parentheses  are  extrapolated  from  higher  temperature  simulations. 


Mg 

Si 

O 


AEa  (kJ/mol) 

125  150 

158  205 

146  175 


154 
175 
62 


Experimental  Dug  =  1.6  x  10-6  cm2/s  (in  Di-Digs-Enis  melt  at  T  =  1850  K,  P  = 
1  GPa);  and  A£a(Mg)  =  260  kJ/mol  (in  Di6oAn4o-Di4oAn60  melt  at  T  =  1 800  to 
2000  K,  P  =  0.2  GPa).  Data  from  Kubicki  et  al.  (1990). 
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short  (10's  to  100's  of  ps)  that  diffusion 
coefficients  in  silicate  melts  are  usually 
determined  from  simulations  at  much  higher 
temperatures  (e.g.  6000  K;  Angell  et  al.y 
1983)  than  are  used  in  experimental  diffu- 
sion studies  or  than  exist  within  the  mantle. 
High-temperature  diffusion  coefficients  are 
usually  extrapolated  into  the  temperature 
range  of  interest  and  compared  to  experi- 
mental results  at  lower  temperature.  To  test 
the  accuracy  of  such  an  extrapolation, 
simulations  at  5000, 4000  and  3000  K  have 
been  performed  (Kubicki  and  Lasaga, 
1990b)  and  the  extrapolated  values  com- 
pared to  a  simulation  at  2500  K.  Based  on 
the  results  listed  in  Table  9,  comparisons  of 
diffusion  coefficients  extrapolated  from 
high  temperature  simulations  to  lower 
temperature  are  not  equivalent  to  values 
obtained  directly  from  simulations  at  2500 
K.  However,  the  Mg2Si04  values  are 
within  the  statistical  error  of  the  simula- 
tions. The  extrapolated  MgSi03  values  are 
a  factor  of  two  higher  than  the  2500  K 
simulation  indicating  that  such  extrapola- 
tions may  result  in  significant  errors.  As 
the  temperature  range  of  extrapolation  in- 
creases, these  differences  are  likely  to  in- 
crease. 

It  is  interesting  to  note  that  the  MD- 
predicted  values  for  the  diffusion  coeffi- 
cients and  the  activation  energies  of  diffu- 
sion compare  fairly  well  with  values  ob- 
tained from  experiments  on  other  silicate 
systems  (Table  9;  Kubicki  et  al,  1990). 
Although  the  composition  and  temperature 
range  of  the  two  studies  are  different,  the 
qualitative  agreement  between  the  two  is 
encouraging.  With  current  advances  in 
experimental  and  computer  technology,  it 
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Fig.  31.  Projections  of  cation  (a  -  Si4+;  b  -  Mg2+) 
movements  in  the  x-z  plane  at  the  interface  of 
MgSi03  and  Mg2Si04  melts  are  plotted  here  for 
the  central  portion  of  the  cell  for  the  first  50,000 
time  steps  of  the  simulation.  Each  line  segment 
represents  the  displacement  of  the  ion  during  1000 
steps  of  the  simulation.  High  line  density  at 
specific  points  indicates  ions  vibrating  within  co- 
ordination polyhedra  (e.g.  Si(442));  diffusion 
events  are  marked  by  isolated  line  segments  (e.g. 
Si(413). 

should  be  possible  in  the  near  future  to  run 
simulations  and  experiments  on  the  same 
composition  under  equivalent  conditions 
to  test  the  accuracy  of  the  MD  simulations. 


Diffusion  Mechanisms 

In  a  MD  simulation,  the  identities,  posi- 
tions and  velocities  of  all  ions  within  the 
system  are  calculated  as  a  function  of  time. 
With  this  information,  it  is  possible  to  plot 
the  trajectories  of  the  ions  within  the  diffu- 
sion couple  (Fig.  31).  The  differences 
between  the  types  of  diffusion  pathways 
for  Si4+  and  Mg2+  ions  can  be  ascertained 
by  examining  Figure  3 1  in  detail.  First,  the 
Si4+  ions  are  held  within  a  smaller  region  of 
space  than  the  Mg2+  ions,  consistent  with 
the  observation  of  lower  diffusion  coeffi- 
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Table  10  -  Percentages  of  cation  coordination  polyhedra  with  a  given  number 
of  exchanged  M-0  bonds  at  5000  K  after  5000  time  steps  (5  ps)  and  at  2500 
K  after  60,000  time  steps  (6  ps)  in  the  simulations. 


Number  of  Exchanged  M-O  Bonds 

7  =  5000K;  r  =  5ps     0 

1 

2 

3 

4 

5 

6 

%  Sr*+                        3 

27 

35 

32 

3 

0 

0 

%  Mg2+                       0 

0 

6 

21 

37 

3 

4 

r  =  2500K;   r  =  60ps    0 

1 

2 

3 

4 

5 

6 

%  Si4+                       61 

35 

4 

0 

0 

0 

0 

%  Mg2+                        2 

11 

18 

29 

29 

11 

0 

cient  for  the  network-forming  ion  (Si4+) 
compared  to  the  network-modifying  ion 
(Mg2+).  Second,  whereas  most  of  the  Si4+ 
ions  vibrate  within  the  original  coordina- 
tion tetrahedra,  a  few  (e.g.  #413)  undergo 
discrete  jumps  to  another  region  of  space. 
The  average  jump  distance  in  the  simulated 
melt  is  approximately  1.7  A.  In  contrast, 
Mg2+  ions  tend  to  undergo  a  more  continu- 
ous displacement  through  time  rather  than 
the  "rattle-and-jump"  mechanism  usually 
proposed  for  ions  in  condensed  systems 
(Baker,  1990). 

By  monitoring  changes  in  the  nearest 
neighbors  of  an  ion,  the  nature  of  the  diffus- 
ing units  may  be  determined.  If  the  ions 
migrate  in  groups,  such  as  tetrahedra,  then 
the  nearest  neighbors  of  an  ion  will  be  the 
same  at  the  end  of  the  simulation  as  at  t(0). 
On  the  other  hand,  if  it  is  necessary  to  break 
bonds  in  order  for  the  ions  to  diffuse,  then 
the  nearest  neighbors  of  a  given  ion  will 
change  significantly  as  it  is  displaced  from 
its  original  position.  Table  10  lists  the  per- 
centages of  the  number  of  bonds  broken  per 


coordination  polyhedra  at  various  times 
during  the  simulations.  It  is  apparent  that 
the  amount  of  bond-breaking  over  the  course 
of  the  simulations  is  significant.  After 
5000  time  steps  of  the  5000  K  simulation, 
over  two-thirds  of  the  Si4+  ions  have  ex- 
changed two  or  more  oxygens  bonds  and 
two-thirds  of  the  Mg2+  ions  have  ex- 
changed all  the  original  oxygen  bonds. 


12000        18000 
Time,10"15s 

Fig.  32.  Squared  displacements  of  selected  Si4+ 
ions  are  plotted  here  versus  time  to  relate  the 
diffusion  a  particular  ion  to  the  number  of  bonds 
exchanged  during  the  simulation.  The  line  marked 
"zero  bonds"  is  the  displacement  of  a  Si4+  ion  that 
has  retained  all  the  oxygen  ions  initially  bonded  to 
it  up  to  the  time  indicated  on  the  x-axis.  The  line 
labeled  "two  bonds"  moved  farther  than  the  MSD 
of  all  ions  of  that  type. 
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Thus,  the  rate  of  oxygen  exchange  within 
each  polyhedra  is  correlated  with  bond 
strength. 

The  rate  of  oxygen  exchange  is  also 
proportional  to  the  magnitude  of  the  cal- 
culated diffusion  coefficient.  This  fact  is 
consistent  with  the  idea  that  diffusion  is 
controlled  by  individual  ionic  species  rather 
than  movement  of  larger  anionic  groups  or 
polymers  in  silicate  melts  at  high  tempera- 
tures. Si4+  ions  are  more  likely  to  move 
through  a  "rattle-and-jump"  mechanism 
because  the  high  Si-0  bond  strength  makes 
bond-breaking  a  relatively  low-probability 
event  at  2500  K.  Mg-0  bond-breaking  has 
a  much  higher  probability.  The  average 
kinetic  energy  of  an  Si4+  ion  is  less  than  the 
Si-0  potential  energy  at  2.0  A  (the  Si-0 
bond  distance  cut-off)  at  5000  K.    The 


average  Mg2+  ion  kinetic  energy  at  5000  K 
is  nearly  equal  to  the  Mg-0  bond  potential 
energy  at  3.0  A,  (the  Mg-0  bond  distance 
cut-off).  Thus,  the  magnitude  of  the  kinetic 
energy  relative  to  the  model  bond  energies 
helps  to  explain  the  differences  in  cation- 
oxygen  exchange  rate  and  diffusion  coeffi- 
cients. 

The  relationship  between  the  number  of 
bonds  broken  and  the  displacement  of  indi- 
vidual ions  is  illustrated  in  Figure  32.  The 
squared  displacments  of  individual  Si4+ 
and  Mg2+  ions  with  different  numbers  of 
bond-breaking  events  are  plotted  versus 
time.  The  nature  of  the  diffusion  mecha- 
nism is  clarified  by  comparing  ions  that 
have  been  displaced  farther  than  the  aver- 
age to  ions  that  have  been  displaced  less 
than  the  average.  The  ion  with  zero  bond- 
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Fig.  33.  Pictures  of  Si(413)  from  Figure  32  during  the  sequence  between  r(6000^  and  r(8000)  il- 
lustrating the  changes  in  bonding  that  occurred  during  the  large  displacement  (1.7  A).  The  numbers 
of  the  ions  indicate  their  order  in  the  input  data  set  and  are  used  merely  as  labels.  In  (a),  a  normal 
Si04-tetrahedra  is  shown  before  any  significant  displacement  has  occurred.  An  oxygen  ion  (572) 
breaks  from  the  tetrahedra  in  (b)  and  a  trigonal  planar  SiC>3-complex  is  formed.  A  new  bond  is  formed 
to  0(374)  in  (c)  and  the  new  SiC>4-tetranedra  is  stable  for  the  next  40  ps. 
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breaking  events  in  Figure  32  undergoes 
significantly  less  displacement  than  the 
average.  Conversely,  the  ion  with  two 
exchanged  oxygens  is  displaced  farther 
than  the  average. 

Individual  ionic  diplacements  versus 
time  may  also  be  used  to  identify  "diffusion 
events"  where  an  ion  undergoes  a  "jump" 
from  one  site  to  another.  Such  a  jump  is 
present  near  the  t(6500)  in  Figure  32  as  the 
Si4+  ion  moves  approximately  1 .7  A  within 
a  few  hundred  time  steps  (see  Fig.  31a,  ion 
413).  Once  such  an  event  is  identified, 
computer  animation  of  the  ion  and  the 
surrounding  atomic  environment  provides 
insight  into  the  details  of  the  diffusion 
mechanism.  Figure  33  is  an  illustration  of 
the  changes  in  bonding  that  occurred  around 
this  Si4+  ion  as  it  underwent  the  diffusion 
event.  Initially,  the  Si4+  ion  is  in  tetrahe- 
dral  coordination  (Fig.  33a).  At  approxi- 
mately t(7000),  it  undergoes  a  significant 
displacement  which  coincides  with  the 
formation  of  the  trigonal  complex  in  Figure 
33b.  An  oxygen  ion  that  was  not  part  of  the 
original  Si04-tetrahedra  becomes  bonded 
to  Si(413)  (Fig.  33c).  The  complex  remains 
in  this  configuration  for  the  next  40  ps  of 
the  simulation.  Hence,  it  has  been  shown 
that  the  movement  of  the  ion  within  the 
melt  coincides  in  time  with  oxygen  ex- 
change between  tetrahedra. 
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Interaction  between  Phosphorous  and 
Iron  Oxides  in  Silicate  Melts 

Bjorn  O.  My  sen 

Despite  the  comparatively  low  abun- 
dance of  phosphorous  in  igneous  rocks 
(<2.5  wt%  P2O5  in  common  extrusive 
rocks;  Chayes,  1985),  it  profoundly  affects 
geochemically  important  properties  of 
magmatic  liquids.  For  example,  among  the 
principal  components  in  rock-forming  ig- 
neous materials  on  an  equimolar  basis, 
phosphorous  consistent  with  melt  poly- 
merization most  strongly  displace  liquidus 
boundaries  in  simple  silicate  systems  (e.g., 
Kushiro,  1975;  Ryerson,  1985).  Phospho- 
rous also  enhances  liquid  immiscibility 
(e.g.,  Visser  and  van  Groos,  1979),  and 
P2O5  enrichment  has  been  held  respon- 
sible for  formation  of  immiscible  liquids  in 
nature  (e.g.,  Roedder  and  Weiblen,  1970; 
Roedder,  1978;  London,  1987). 

Redox  equilibria  of  iron  may  depend  on 
phosphorous  concentration  both  because 
melt  polymerization  is  known  to  affect  the 
Fe3+/ZFe  (e.g.,  Virgo  etal,  1981 ;  Mysen  et 
ai,  1984)  and  because  either  Fe2+  or  Fe3+, 
or  both,  may  form  coordination  spheres 
with  oxygen  in  PO43"  complexes.  In  addi- 
tion, there  is  spectroscopic  evidence  for  Al- 
O-P  bonding  with  tetrahedrally  coordinated 
A13+  and  P5+  (Kosinski  etal,  1988).  Ferric 
iron  may  play  a  similar  role 

Iron-  and  phosphorous-bearing  calcium 
silicate  quenched  melts  have  been  studied 
with  Mbssbauer  and  Raman  spectroscopy. 
In  one  series  of  compositions  (P-series;  see 
Fig.  34),  phosphorous  was  added  to  base 
composition  CS0.85  as  Ca3(P04)2  so  that 


under  the  assumption  that  the  dissolved 
phosphorous  exist  as  PO43"  groups,  the 
NBO/Si  is  not-affected  (NBO/Si  ~  1 .7;  Fig. 
34).  A  second  series  of  compositions  (PW- 
series;  see  Fig.  34)  was  prepared  with  phos- 
phorous added  to  CS0.85  as  P2O5.  Under 
the  assumption  that  this  phosphorous  is 
also  dissolved  as  PO43",  the  NBO/Si  de- 
creases with  increasing  P/(P+Si).  In  the 
third  series  (SW-series;  Fig.  34),  SiC>2  was 
added  to  CS0.85  composition  glass  so  that 
the  degree  of  melt  polymerization  com- 
prised the  same  range  as  that  of  the  PW- 
series. 

Five  wt%  iron  oxide  (as  Fe203)  was 
added  to  each  of  the  glasses  and  reground 
for  about  1  hour.  In  order  to  facilitate  57Fe 
Mossbauer  spectroscopic  studies  of  these 
materials,  the  iron  was  enriched  to  about 
30%  57Fe.  The  iron-bearing  materials  were 
suspended  on  Pt-wire  loops  (sample/Pt  wt 
ratio  near  100  with  total  amount  of  sample 
near  50  mg)  in  vertical  quench  furnaces  and 
quenched  in  water.  The  relative  iron-loss 
under  these  experimental  conditions  is  < 
5%  (Mysen  et  al.,  1984).  For  experiments 
with  oxygen  fugacity  (/02)  ^ess  man  mat  °f 
air,  the  furnace  atmosphere  was  controlled 
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Fig.  34.  Compositions  of  starting  materials  (wt%). 
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Fig.  35.  Raman  spectra  of  quenched  melts  of  Fe- 
free  P-series  compositions  corrected  for  tempera- 
ture- and  frequency-dependent  scattering  inten- 
sity. 

with  CO-CO2  gas  mixing  with  an  yttria- 
doped  ZrC>2  oxygen  fugacity  sensor  (Sato, 
1972)  to  monitor  the  oxygen  fugacity. 

Redox  ratios  of  iron  and  the  structural 
positions  of  Fe3+  andFe2+  in  the  glasses 
were  determined  with  Mossbauer  spec- 
troscopy. The  anionic  structure  of  iron-free 
and  iron-bearing  samples  was  examined 
with  Raman  spectroscopy.  The  frequency- 
doubled  532-nm  line  of  an  NdYAG  laser 
operating  at  1 W  and  the  488-nm  line  from 
an  Ar+  ion  laser,  also  operating  at  1  W, 
were  used  for  sample  excitation.  The  spec- 
tra were  statistically  curve-fitted  (Mysen  et 

Fig.  36.  Examples  of  curve-fitted  high-frequency 
portion  of  Raman  spectra  from  P-series.  Fe-free 
quenched  melts.  The  diagonally  ruled  Sand  oc- 
curs only  in  spectra  of  P- bearing  quenched  melt. 
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al,  1982;  Seifert  et  al,  1982;  Virgo  and 
Mysen,  1985;  Mysen,  1990). 

The  temperature-corrected  Raman 
spectra  (Fig.  35)  of  iron-free  samples  of  the 
P-series  consist  of  an  envelope  with  a 
maximum  near  600  cm-1  and  another  re- 
gion (outlined  with  a  dotted  pattern  in  Fig. 
35)  between  about  800  and  1 300  cm- 1 .  This 
latter  envelope  consists  of  several  distinc- 
tive peaks  or  shoulders,  near  900  cm-1, 950 
and  1050  cm-1,  respectively. 

The  intense,  narrow  peak  near  950  cnr 
1  in  the  high-frequency  envelope  (Fig.  35) 
reflects  a  20-25  cm-1  wide  (full  width  at 
half  height,  FWHH)  band  between  960  and 
970  cnr1  in  the  fitted  spectra  (Fig.  36),  the 
intensity  of  which  is  positively  correlated 
with  the  P/(P+Si)  of  the  sample  (Fig.  37). 
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Fig.  37.  Relationship  between  the  intensity  of  the 
950  cm" [  band  (relative  to  total  intensity  of  high- 
frequency  envelope,  IA)  as  a  function  or  P/(P+Si) 
forP-senes  composition  quenched  melts. 


The  narrow  sharp  band  near  950  cm"1 
(V950)  is  assigned  to  P-0~  stretching  in  a 
PO43-  (orthophosphate)  structural  unit 
(Nelson  and  Tallant,  1986).  The  frequen- 
cies of  P-O"  stretch  bands  show  similar 
correlation  with  NBO/P  as  do  the  Si-O" 
stretch  bands  with  NBO/Si  (frequency  in- 
crease with  decreasing  NBO/Si  or  NBO/P; 
McMillan,  1984;  Nelson  and  Tallant,  1986). 
The  composition  independence  of  the  AZ950 


band  frequency  leads  to  the  conclusion, 
therefore,  that  .the  degree  of  polymeriza- 
tion (NBO/P)  of  the  phosphate  units  does 
not  change  in  the  P/(P+Si)  range  investi- 
gated (0-0.16). 

The  band  near  1100  cm-1  (vnoo)  is  as- 
signed to  Si  -  O"  stretching  in  a  structural 
unit  with  NBO/r=  1  (Q3  or  Si2052-  units), 
and  that  near  970  cm"1  (V970)  to  Si  -  O" 
stretching  in  a  structural  unit  with  NBO/T 
=  2  (Q2  or  Si032_  units)  (e.g.,  Brawer  and 
White,  1975;  Virgo  etal.,  1980;  Furukawa 
et  al,  1981;  McMillan,  1984).  The  band 
near  900  cnr1  is  assigned  to  Si-O" 
stretching  in  S12O76-  (Q1)  units  (Lazarev, 
1972;  Virgo  etal,  1980). 

From  the  Mossbauer  spectra  of  P-  and 
Fe-bearing  samples  (Fig.  38),  the  values  of 
the  hyperfine  parameters  (isomer  shift,  IS, 
and  quadrupole  splitting,  QS)  for  both  fer- 
ric and  ferrous  iron  are  insensitive  to  bulk 
compositional  variations .  The  298K  /SFe3"1" 
values  average  near  0.31  mm/s  and  the 
G^Fe3+  near  1.16  mm/s.  These  values  are 
indistinguishable  from  those  found  for  other 
oxidized,  iron-bearing,  calcium  silicate 
glasses  (e.g.,  Mysen  et  al,  1984,  1985; 
Dingwell  and  Brearley,  1988).  The  298K 
isomer  shift  values  for  ferric  iron  near  or 
less  than  0.3  mm/s  are  associated  with 
tetrahedrally  coordinated  Fe3+  in  crystal- 
line and  glassy  compounds  (Annersten  and 
Olesch,  1978;Seifertefo/.,  1979;  Mysen  et 
al.,  1980,  1984,  1985;  Virgo  et  al.,  1981, 
1983a,  b;  Calas  and  Petiau,  1983a,  b; 
Waychunas  and  Rossman,  1983;  Virgo  and 
Mysen,  1985). 

The  hyperfine  parameters  of  ferrous 
iron  also  fall  in  the  range  commonly  ob- 
served for  alkaline  earth  silicate  glasses 
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Fig.  38.  Examples  of  298  K  Mossbauer  spectra  of  quenched  melts  under  conditions  indicated 

with  75Fe2+  near  or  slightly  above  1  mm/s 
and  the  2^Fe2+  near  1.95  mm/s.  No  effect 
of  P  content  on  the  hyperfine  parameters  for 
ferrous  iron  can  be  discerned  within  the 
phosphorous  concentration  ranges  of  the 
present  experiments.  These  values  are  con- 
sistent with  ferrous  iron  in  octahedral  coor- 
dination (Mysen  and  Virgo,  1989). 

Even  though  the  hyperfine  parameters 
from  the  Mossbauer  spectra  do  not  indicate 
pronounced  changes  in  the  structural  roles 
of  Fe3+  and  Fe2+  with  phosphorous  con- 
tent, the  redox  ratio  of  iron  depends  on  P/ 
(P+Si)  (Fig.  39A).  Forthe  P-series  of  glasses 
(NBO/7~  1 .7),  the  Fe3+/Fe2+  is  positively 

correlated  with  P/(P+Si),  whereas  in  the      for  F- and  PW-series  quenched  mel^(B) 

ratio  of  iron  [expressed  as  ln(Fe;J+/Fez+)] 
PW-series  (NBO/T  =  1 .07  -  1 .707),  on  the      degree  of  polymerization  (NBO/Si) 
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Fig.  40.  Raman  spectra  of  quenched  melts  of  Fe- 
bearing  P-series  compositions  corrected  for  tem- 
perature- and  frequency-dependent  scattering  in- 
tensity. 
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other  hand,  the  Fe3+/Fe2+  is  negatively 
correlated  with  P/(P+Si). 

It  would  appear  from  these  data  (Fig. 
39)  that  two  competing  mechanisms  affect 
the  Fe3+/Fe2+.  On  the  one  hand  phospho- 
rous enhances  the  stability  of  ferric  iron  as 
seen  in  the  P-series  of  glasses  [phosphorous 
was  added  as  Ca3(P04)2]  where  the  melt 
polymerization  is  not  affected  by  dissolved 
phosphorous.  On  the  other  hand,  solution 
of  P2O5  as  orthophosphate  results  in  melt 
polymerization.  This  decrease  in  NBO/Si 
drives  the  Fe3+/Fe2+  toward  lower  values, 
as  is  commonly  observed  for  iron-bearing 
binary  metal  oxide-silica  and  ternary  metal 
oxide  -  alumina  -  silica  melts  (Larson  and 
Chipman,  1953;  Holmquist,  1966;  Virgo  et 
al,  1981, 1983a;  Mysenef  a/.,  1984, 1985). 
In  the  PW-series,  where  the  NBO/T  de- 
creases by  37%  over  the  same  P/(P+Si) 
range,  the  influence  of  melt  polymerization 
governed  by  the  dissolved  P^+,  dominates 
the  redox  equilibria  with  a  reduction  of 
Fe3+/Fe2+  as  the  P/(P+Si)  is  enhanced. 

Visually,  the  spectra  of  Fe-bearing 
samples  resemble  those  without  iron  (Figs. 
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Fig.  41.  Examples  of  curve-fitted,  high-frequency  portion  of  Raman  spectra  of  iron-bearing,  P-series 
quenched  melts. 


GEOPHYSICAL  LABORATORY 


71 


35, 36, 40, 41 )  with  an  asymmetric  envelope 
centered  near  600  cm-1,  and  a  high-fre- 
quency, envelope  between  800  and  1300 
cm- 1  with  distinctive  shoulders  on  the  low- 
and  high-frequency  side  and  a  sharp  peak 
near  950  cm-1.  This  latter  peak  becomes 
increasingly  dominant  as  the  P/(P+Si)  is 
increased  as  with  the  spectra  of  Fe-free 
samples. 

The  high-frequency  envelope  of  P-free, 
Fe-bearing  CS0.85  (Fig.  41)  has  been  fitted 
to  six  bands,  two  of  which  were  not  observed 
in  the  Fe-free  CS0.85  (Fig.  36).  These  are 
the  bands  slightly  above  900  cm-1  (marked 
925  with  dark  shading)  and  near  1000  cnr 
1  (marked  1000  with  horizontal  line  pattern 
in  Fig.  41).  These  two  bands  have  also  been 
observed  in  the  Raman  spectra  of  Fe3+-rich 
alkali  silicate  melts  (e.g.,  Virgo  etal.,  1981, 
1983a;  Fox  et  al,  1982)  and  in  other  Fe- 
bearing  calcium  silicate  quenched  melts 
(Mysen  et  al.,  1984).  Those  bands  have 
been  assigned  to  Fe3+(IV)-0  stretching, 
possibly  in  two  geometrically  slightly  dif- 
ferent Fe3+  -  O  tetrahedra.  The  present 
Raman  spectra  are  consistent  with  that 
structural  interpretation,  and  is  retained. 

By  substituting  P5+  for  Si4+,  several 
spectral  changes  occur  in  these  spectra 
(Figs.  40  and  41).  The  sharp  peak  also 
evident  visually  (Fig.  40)  is  reflected  in  a 
narrow  band  near  950  cnr*  (Fig.  41)  to- 
pologically  resembling  the  V950  band  in  Fe- 
free,  P-bearing  CS0.85  composition 
quenched  melts  (Fig.  36).  The  frequencies 
of  the  individual  bands  are  insensitive  to  P/ 
(P+Si)  as  also  observed  in  spectra  of  Fe- 
free,  P-bearing  materials.  In  contrast  to  the 
Fe-free  samples  where  the  A950/SA  in- 
creased monotonically  with  increasing  P/ 


(P+Si)  (Fig.  39),  the  A950/TA  passes 
through  a  maximum  for  the  iron-bearing 
samples  at  P/(P+Si)  near  0.1  (Fig.  42A).  It 
is  also  notable  that  even  though  Fe3+/Fe2+ 
increases  with  P/(P+Si)  in  the  P-series  of 
glasses  (Fig.  39),  the  intensity  of  the  V925 
band  is  spectra  of  the  iron-bearing  samples 
is  negatively  correlated  with  P/(P+Si)  (Fig. 
42B). 

The  narrow  and  intense  V950  band  is 
assigned  to  P-0  stretching  in  orthophos- 
phate  (PO43-)  units,  and  the  V925  band  to 
Fe3+(IV)-0  stretching.  Although  no  addi- 
tional bands  have  been  resolved  in  the 
Raman  spectra,  the  intensity  behavior  of 
both  the  V925  and  V950  bands  in  the  P-series 
(Fig.  42A)  as  a  function  of  P/(P+Si)  indi- 
cates that  additional  interactions  may  take 
place  in  the  Fe-  and  P-bearing  CS0.85 
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Fig.  42.  Area  ratio  trends  from  Raman  spectra  of  P- 
series  of  glasses  as  a  function  of  their  Py(P+$i).  A. 

-  The  area  of  P-O  stretch  band  (from  PO43-  or- 
thophosphate)  relative  to  cumulative  area  tpr  Fe- 
free  andTe-bearing  samples.  B.  Area  of  Fe3+(IV) 

-  O  stretch  band  at  925  cm" x  relative  to  cumulative 
area  of  Raman  spectra  of  Fe-bearing  quenched 
melts. 
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composition  quenched  melts.  If  solution  of 
phosphorous  resulted  simply  in  the  forma- 
tion of  orthophosphate  (PO43")  and  Fe3+ 
interacted  only  with  oxygen  in  the  silicate 
network,  both  A950/SA  and  A925/TA  would 
be  expected  to  increase  continuously  with 
P/(P+Si).  Evidently,  neither  band  behaves 
according  to  this  hypothesis  (Fig.  42). 

In  P-bearing  aluminosilicate  melts,  evi- 
dence from  NMR  and  Raman  spectra  in- 
dicates P-O- Al  bonding  (My sen  et  al ,  1 98 1 ; 
Kosinski  et  al,  1988)  with  both  aluminum 
and  phosphorous  in  tetrahedral  coordina- 
tion (to  form  a  three-dimensionally  inter- 
connected structural  unit  in  the  melt  that 
may  resemble  AIPO4).  Analogous  oxygen 
bridges  with  Fe3+  instead  of  A13+  may  be 
formed  in  the  present  melts.  By  forming 
three-dimensionally  interconnected 
FeP04(3D)  type  structural  units,  the 
abundance  of  both  the  orthophosphate  and 
Fe3+-0  tetrahedra  will  diminish  with  P/ 
(P+Si).  This  behavior  could  explain  the 
bell- shaped  A950/EA  versus  P/(P+Si)  curve 
(Fig.  42A)  as  well  as  the  diminishing  inten- 
sity of  the  V925  band  with  increasing  P/ 
(P+Si)  (Fig.  42B). 

In  P-bearing  metal  oxide  -  silica  glasses, 
phosphorous  can  dissolve  as  various 
phosphate  complexes  with  their  degree  of 
polymerization  a  function  of  the  phospho- 
rous content  (e.g.,  Nelson  and  Tallant, 
1986).  In  excess  of  10  wt%  P2O5  is  re- 
quired to  begin  to  polymerize  orthophos- 
phate complexes.  In  the  phosphorous  con- 
centration range  used  here,  only  or- 
thophosphate complexing  was  observed 
[no  frequency  shift  of  V950  with  P/(P+Si)]. 

The  formation  of  PO43"  from  P2O5  can 
be  illustrated  with  the  reaction; 


302-  +  p2o5  <=>  2PO43-, 


(1) 


where  the  oxygen  ion,  O2-,  can  be  ex- 
changed with  the  silicate  network  so  that 
combination  of  equation  (1)  with  the  ex- 
pression; 


Si2052-  <=>  2Si02  +  02- 


(2) 


yields; 


P2O5  +  4Si2052"  <=> 
7Si02  +  Si032"  +  2PO43-. 


(3) 


By  dissolving  20  mol%  P2O5,  the  NBO/Si 
of  a  melt  decreases  from  1  to  0.25,  for 
example.  It  is  considered  that  a  reaction 
analogous  to  (3)  illustrates  the  principal 
polymerization  mechanism  in  melts  in  the 
PW-series  resulting  in  the  NBO/Si  decrease 
from  1 .7  forthe  P-free  endmember  (CS0.85) 
to  1 .07  for  composition  CS0.85P1 6W.  This 
mechanism  differs  from  that  in  the  P-series 
of  samples,  where  the  phosphorous  was 
already  added  as  P043~  charge -balanced 
with  Ca2+. 

The  ln(Fe3+/Fe2+)  versus  P/(P+Si)  re- 
lationship in  the  P-series  of  glasses  (Fig. 
39)  and  the  Raman  spectral  data  of  the 
same  samples  were  interpreted  to  indicate 
that  three-dimensional  ferri-phosphate 
complexes  [FeP04(3D)l  may  form  in  ad- 
dition to  ferric  iron  in  tetrahedral  coordi- 
nation with  oxygen  (Fe02").  The  different 
functional  relationships  of  Fe3+/Fe2+  with 
oxygen  fugacity  for  P-bearing  and  P-free 
samples(Fig.  43)  also  indicate  changes  in 
the  activity-composition  relations  as 
phosphorous  is  added  to  the  system.  For- 
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Fig.  43.  Redox  ratio  of  iron  [expressed  as  ln(Fe3+/ 
Fe2+)]  as  a  function  of  oxygen  fugacity  /o2  for 
compositions  indicated. 

mation  of  FeP04(3D)  may  be  illustrated 
with  the  expression; 

FeOr  +  PO43-  <=>  FeP04(3D)  +  202-,  (4) 

By  combining  equation  (4)  with  the  reac- 
tion; 

4Fe3+(IV)02-  <=>  4Fe2+  +  02  +  6Q2-,  (5) 


these  conditions  can  be  expressed  as; 

18Si02+6Si032-+5FeOr+3FeP04(3D) 
<^12Si2052-+8Fe2++3P043-+202,  (7) 

Whenever  the  redox  equilibria  of  iron 
and  phosphorous  solution  mechanisms  in- 
volve interaction  with  oxygen  in  the  sili- 
cate network,  any  variable  that  results  in  a 
change  in  Fe3+/Fe2+,  will  also  affect  the 
NBO/T  of  the  melt  (Fig.  44).  The  redox 
ratio  is  lowered  as  the  oxygen  fugacity  is 
lowered  resulting  in  an  increase  in  NBO/Si 
(Fig.  44  A).  The  discontinuities  in  the  curves 
in  Fig.  44A  appear  because  the  coordina- 
tion state  of  Fe3+  changes  with  Fe3+/EFe 
[and,  therefore,  fo^,  see  also  Virgo  and 
My  sen,  1985].  The  positive  correlation 
between  temperature  and  NBO/Si  (Fig. 


we  have  a  redox  equilibrium  involving  iron 
and  phosphate  only; 


FeOr  +  3FeP04(3D)  <=> 
3P043"  +  4Fe2+  +  O2. 


(6) 


From  this  expression,  it  is  evident  that  the 
Fe3+/Fe2+ can  be  positively  correlated  with 
phosphate  concentration  without  interac- 
tion with  oxygen  in  the  silicate  portion  of 
the  melt  in  accord  with  observations  (Fig. 
39). 

When  adding  phosphorous  as  P2O5  to 
form  PO43-  in  the  melts  (PW-series),  the 
Fe3+/Fe2+  decreases  with  increasing  P/ 
(P+Si)  and  the  melt  becomes  more  poly- 
merized (Fig.  39).  Under  these  circum- 
stances, the  iron  oxides  and  phosphorous 
probably  interact  with  the  anionic  network 
of  the  silicate.  The  redox  relations  under 


1.7 

NBO/Si 

Fig.  44.  Effect  of  oxygen  fugacity  (/*q2)  and  tem- 
perature on  the  degree  of  polymerization  (NBO/T) 
of  iron-bearing,  P-free  and  P-containing  melts.  A. 
/o2-dependence  calculated  for  P-beanng  and  P- 
free  as  indicated.  B.  Temperature-dependence 
without  separation  of  P-beanng  and  P-free  as  there 
is  no  distinction  in  the  Mossbauer  data  between 
the  two  seres  of  samples  as  a  function  of  tempera- 
ture. 
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44B)  stems  from  the  inverse  relationship 
between  temperature  and  Fe3+/EFe.  Any 
melt  property  that  depends  on  NBO/7, 
whether  or  not  iron  is  directly  involved, 
will  be  related,  therefore,  to  the  oxygen 
fugacity  and  to  temperature.  Depolymer- 
ization  of  a  melt  lowers  the  activity  of  silica 
in  iron-bearing  (and  iron-free)  silicate  melts 
(e.g.,  Mysen  et  al,  1984).  This  reduction 
leads  to  an  expansion  of  liquidus  volumes 
of  depolymerized  minerals  (e.g.,  olivine) 
relative  to  more  polymerized  materials  (e.g., 
pyroxene  ortectosilicates  such  as  feldspars). 
Thus,  by  reducing  the  Fe3+/£Fe,  liquidus 
volumes  of,  for  example,  olivine  relative  to 
pyroxene  or  feldspar  will  expand  (see  also 
Osborn  and  Muan,  1 960,  for  relevant  phase 
equilibrium  data).  Because  the  Fe3+/EFe  in 
P-bearing  melts  is  more  sensitive  to  /02 
than  P-free  compositions  (Fig.  43),  the 
liquidus  phase  relations  of  P-rich  mag- 
matic  liquids  are  likely  to  be  more  sensitive 
to/02  man  the  P-free  equivalent. 
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Potassium-rich  Rock  Diversity  and 
Experimentally  Determined  Contiguity 

H.  S.  Yoder,  Jr. 

The  alkali-rich  igneous  rocks  have  al- 
ways attracted  much  more  attention  than 
the  limited  abundance  of  their  fascinating 
varieties  warrant.  The  alkalic  rocks  prob- 
ably comprise  around  1  %  of  all  igneous 
rocks,  yet  a  third  of  the  igneous  rock  names 
are  for  the  alkaline  rocks.  Preliminary 
experimental  studies  (Yoder,  1986,  1989) 
indicate  that  the  complexity  of  the  alkaline 
rocks  appears  to  result  primarily  from 
variations  in  bulk  composition,  and  the 
large  number  of  reactions  between  phases 
also  contribute  to  additional  complexity, 
especially  where  the  successive  reactions 
resulting  from  changes  of  conditions  are 
incomplete.  The  previous  studies  were 
carried  out  on  Kalsilite  (Ks)  -  Larnite  (La) 
-  Forsterite  (Fo)  -  Quartz  (Qz),  the  potassium 
analogue  of  the  extended  normative  basalt 
tetrahedron,  at  950°  and  2  kbar  with  and 
without  water.  The  conditions  were  chosen 
to  avoid  the  formation  of  amphibole  and  at 
a  sufficiently  high  temperature  to  be  at  or 
near  the  beginning  of  melting.  In  this  way 
a  relatively  simple  set  of  coexisting  assem- 
blages was  established  that  now  serve  as  a 
base  for  comparing  alternative  assemblages 
at  other  conditions.  Because  several  im- 
portant reactions  in  the  alkaline  rocks 
appear  to  result  in  the  formation  of  amphi- 
bole, it  was  considered  essential  in  the  next 
series  of  experiments  to  attempt  to  define 
their  relations  at  a  lower  temperature.  The 
Ks-La-Fo-Qz  system  was,  therefore,  in- 
vestigated at  700°C  and  2  kbar  with  ex- 


periments of  7  days  duration  in  the  gas- 
media,  high-pressure  apparatus  (Yoder, 
1950).  Identification  of  phases  was  done 
primarily  by  powder  x-ray  diffraction 
methods  and  with  optical  and  electron 
microprobe  studies. 

Thirty -eight  mixtures  of  compatible  and 
incompatible  phases,  including  synthetic 
endmembers  and  natural  minerals  close  to 
endmember  compositions,  were  reacted  to 
establish  the  stable  joins  in  the  hydrous 
tetrahedron.  The  preliminary  set  of  as- 
semblages is  displayed  in  Figure  45.  In 
addition  to  phlogopite,  the  other  hydrous 
minerals  that  become  stable  at  the  lower 
temperature  (700°)  are  tremolite, 
anthophyllite,  and  talc.  The  phase  assem- 
blages are  also  presented  in  an  exploded 
tetrahedron  in  Figure  46  to  clarify  the  rela- 
tionships. The  subtetrahedral  volumes  are 
labelled  with  the  appropriate  rock  names 
underlined.  Faces  and  joins  are  also  labelled 
where  rocks  with  the  predominating  as- 
semblage have  been  described.  The  princi- 
pal rock  types  that  persist  at  the  lower 
temperature  are  the  madupites,  lamproites 
(jumillite  or  orendite),  and  the  peridotites 
now  bearing  an  hornblende.  About  half  of 
the  assemblages  in  the  subtetrahedra  would 
probably  be  found  as  metamorphic  rocks. 

Several  phase  assemblage  problems 
need  to  be  resolved  and  the  extent  of  solid 
solutions  to  be  determined.  In  particular, 
potassium  melilite  (KCaAlSi207)  does  not 
form  on  the  join  kalsilite  (Ks)  —  wollasto- 
nite  (Wo),  as  reported  also  by  Nurse  and 
Midgley  (1953).  In  the  light  of  the  stability 
field  of  sodium  melilite  (Yoder,  1973),  much 
higher  pressures  are  probably  required  to 
form  that  phase  as  an  end  member.    In 
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Fig.  45.   Potassium  analogue  of  the  extended  normative  basalt  tetrahedron  Ks-Fo-La-Qz  exhibiting 
stable  joins  determined  experimentally  at  700°C  with  PH2O  =  2  kbar.  Phases  absent  are  in  parentheses. 
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addition,  potassium  edenite  (K-Ed) 
[KCa2Mg5  AlSi7022(OH)2],  which  lies  on 
the  join  phlogopite  (Ph)  -  diopside  (Di), 
also  failed  to  form.   Because  of  the  very 


common  association  of  phlogopite  and 
clinopyroxene,  potassium  edenite  may  be 
stable  not  as  a  pure  endmember,  but  only  as 
a  limited  solid  solution.  Akermanite  (Ak) 
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Fig.  46.  Exploded  view  of  generalized  subtetrahedra  in  Fig.  45  with  names  of  closely  related  rock  types 
inscribed.  Names  of  four-phase  volumes  underlined. 
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is  not  stable  under  these  conditions  ( Yoder, 
1973),  and  is  represented  by  wollastonite 
and  monticellite  (Mo). 

Of  considerable  importance  to  the 
kimberlites  is  that  phlogopite  and 
monticellite  are  not  compatible.  Both 
endmembers  were  demonstrated  to  be  stable 
individually  in  the  presence  of  excess  H20 
at  700°C  and  2  kbar,  yet  reacted  to  form 
mainly  clinopyroxene,  portlandite,  and  an 
unknown  phase.  Roy  (1956)  reported  that 
monticellite  is  stable  as  low  as  625°C  at 
1 38  bar  Ph20.  Mass  balance  considerations 
suggest  that  the  unknown  phase  lies  out- 


side the  tetrahedron.  In  addition,  the  un- 
known phase  also  appeared  as  a  product  of 
the  reaction  of  forsterite  and  kalsilite. 
Monticellite  reacted  with  kalsilite  to  form 
phlogopite  +  portlandite  (Po)  +  merwinite. 
[Note  is  made  of  the  impending  breakdown 
of  monticellite  itself  to  merwinite  (Mer) 
and  forsterite  (Fo),  at  slightly  higher  pres- 
sures, reported  by  Kushiro  and  Yoder  ( 1 964, 
p.  82).] 

The  compatibility  of  phlogopite  and 
monticellite  is  well  documented,  for  ex- 
ample, by  Skinner  and  Clement  (1979) 
from  the  Wesselton  Pipe,  Republic  of  South 
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Fig.  47.  Compatibility  and  incompatibility  of  phlogopite,  monticellite,  forsterite,  kalsilite  exhibited  in 
xenoliths  from  the  eastern  Bushveld  Complex,  RSA.  Specimens  from  Dr.  T.  Wallmach.  Photos  by  Dr. 
Nabil  Z.  Boctor.  Bar  is  0.1  mm. 

A.  Monticellite  (high  relief)  with  phlogopite 

B.  Forsterite  (high  relief)  in  kalsilite 

C.  Forsterite  (at  extinction)  isolated  by  phlogopite  from  adjoining  kalsilite. 

D.  Monticellite  (high  relief)  in  kalsilite 


Africa,  and  by  Scott-Smith  (1988)  in 
kimberlites  from  India.  Monticellite  in 
phlogopite  (Fig.  47 A)  is  also  found  in  xe- 
noliths from  the  eastern  Bushveld  Com- 
plex, RSA,  supplied  through  the  courtesy 
of  Dr.  Thomas  Wallmach,  University  of  the 
Witwatersrand  (Wallmach  etal,  1989).  In 
the  same  way,  forsterite  is  found  surrounded 
by  kalsilite  (Fig.  47B),  however  in  the  same 
specimen  forsterite  is  also  isolated  from 
kalsilite  by  phlogopite  (Fig.  47C). 
Monticellite  appears  to  be  stable  with 
kalsilite  in  other  specimens  (Fig.  47D).  At 
present  the  conditions  of  compatibility  of 
these  phases  have  not  been  defined  in  the 
laboratory. 


The  equilibrium  conditions  of  the  reac- 
tions of  2Mo  +  Ph  ->  Ks  +  2Fo + Ak  +  H2O 
and  Mo  +  2Ph  r->  2Ks  +  3  Fo  +  Di  +  2H20 
were  calculated  from  the  thermodynamic 
data  of  GEO-CALC  (Berman  et  ai,  1985; 
Perkins  et  ah,  1986).  It  was  found  that  at 
Ph20  =  2  kbar,  the  reactions  equilibrated  at 
1130°C  and  1205°C,  respectively,  weU 
above  the  reaction  temperatures  observed 
experimentally  (i.e.,  700°C,  950°C).  The 
implied  stability  of  Mo  +  Ph  to  such  high 
temperatures  adds  an  additional  dimension 
to  the  conflict  of  results  from  the  experi- 
ments and  the  deductions  from  the  petrog- 
raphy. Further  experiments  will  be  under- 
taken to  identify  the  unknown  phase  and  to 
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define  the  stability  range  of  Mo  +  Ph  when 
the  laboratory  becomes  operational  again 
in  the  new  building. 

The  conclusion  to  be  drawn  from  these 
data  on  Ks-La-Fo-Qz  at  700°  C  and  those  at 
950°  C  under  the  relatively  low  pressure  of 
2  kbar  is  that  the  highly  diverse  assem- 
blages in  alkalic  igneous  and  metamorphic 
rocks  are  in  fact  contiguous  and  their 
complexity  results  from  the  large  number 
of  reaction  relations  during  cooling.  Close 
attention  will  have  to  be  paid  to  textural 
relations  in  those  rocks  where  morphology, 
rimming,  and  zoning  may  reveal  the  se- 
quence of  reactions. 
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PARTIAL  MELTING  PHASE  RELATIONS  IN  AN 
IRON-RICH  MANTLE 

Constance  M.  Bertka,  John  R. 
Holloway*,  andBjorn  O.  My  sen 


Introduction 

The  initial  product  of  a  partial  melting 
event  is  a  primary  melt,  a  liquid  composi- 
tion that  is  in  equilibrium  with  its  source 
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region.  Experimental  work  has  shown  that 
a  range  of  primary  melts  can  be  produced 
from  a  mantle  source  region;  their  nature 
dependent  on  the  mantle's  bulk  composi- 
tion, modal  assemblage,  volatile  content, 
oxygen  fugacity,  pressure,  and  on  the  de- 
gree of  partial  melting.  Variations  in  these 
parameters  have  been  studied  for  model 
bulk  earth  mantle  compositions,  in  which 
simple  iron-free  systems  and  natural 
lherzolite  samples  are  used  (e.g.,  Presnall 
etal.,1919  and  Mysen  and  Kushiro,1977). 


Estimates  of  the  bulk  composition  of  the 
martian  mantle  indicate  that  mars  has  a 
more  iron-rich  mantle  than  the  earth  (e.g., 
McGetchin  and  Smyth,  1978).  Experimen- 
tal partial  melting  data  for  mantle  compo- 
sitions with  higher  iron  abundance  than 
commonly  accepted  for  the  earth's  upper 
mantle  are  lacking.  The  purpose  of  this 
study  has  been  to  provide  partial  melting 
data,  that  is,  melting  phase  relations  and 
primary  melt  properties,  for  iron-rich  bulk 
mantle  samples. 


Table  11.  Bulk  martian  mantle  and  terrestrial  lherzolite  compositions. 


wt% 

DWF1 

KLB2 

PHN16113 

HK664 

66SAL3 

Si02 

44.40 

44.48 

43.70 

48.02 

44.82 

Ti02 

0.14 

0.16 

0.25 

0.22 

0.52 

AI2O3 

3.02 

3.59 

2.75 

4.88 

8.21 

FeO* 

17.90 

8.10 

10.05 

9.90 

9.77 

MnO 

0.46 

0.12 

0.13 

0.14 

0.19 

MgO 

30.20 

39.22 

37.22 

32.35 

26.53 

CaO 

2.45 

3.44 

3.26 

2.97 

8.12 

Na20 

0.50 

0.30 

0.33 

0.66 

0.89 

K20 

- 

0.02 

0.14 

0.07 

0.03 

P2O5 

0.16 

0.03 

- 

0.07 

0.04 

Cr203 

0.76 

0.31 

0.28 

0.25 

0.20 

NiO 

- 

0.25 

- 

- 

0.20 

Total 

99.99 

100.02 

98.11 

99.53 

99.52 

mg* 

75.0 

89.6 

86.8 

85.3 

82.9 

wt%  Mode 

calc. 

obs.5 

obs.6 

calc. 

obs.7 

olivine 

46.4 

58.0 

59.0 

27.1 

29.8 

opx 

35.0 

25.0 

11.0 

57.7 

12.6 

cpx 

15.6 

15.0 

20.0 

13.8 

34.8 

Al-phase  s{ 

)    2.9 

sp    2.0 

gt  10.0 

sp    1.4 

gt  22.9 

1.  Dreibus  and  Wanke  (1985);  2.  Takahashi  (1986);  3.  Mysen  and  Kushiro  (1977); 
4.  Takahashi  and  Kushiro  (1983);  5.  Carter  (1970);  6.  Nixon  and  Boyd  (1973);  7. 
Jackson  and  Wright  (1970). 

*total  Fe  as  Fe2+  #mg  =  Mg/(Mg+Fe2+) 
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The  DWF  is  a  model  martian  mantle 
bulk  composition.  This  composition  is 
similar  to  proposed  terrestrial  mantle  com- 
positions, but  has  a  higher  iron  content, 
mg#=75  [mg#=Mg/(Mg+Fe)]  (see  Table 
1 1 ).  It  is  derived  from  element  correlations 
between  measured  ratios  in  a  group  of 
petrologically  distinct  achondrite  meteor- 
ites, the  SNC's,  (Shergottites,  Nakhlites 
and  Chassigny)  and  chondritic  abundances 
(Dreibus  and  Wanke,1985).  Mars  is  the 
proposed  parent  body  of  SNC 
meteorites(e.g.,McS ween,  1985).  The  first 
goal  of  this  study  has  been  to  determine  the 
melting  phase  relations  of  an  anhydrous 
DWF  bulk  composition  over  a  range  of 
upper  martian  mantle  pressures. 


oxides  ground  under  ethanol  in  an  agate 
mortar  for  one  hour,  reduced  in  a  gas  mixing 
furnace  [1000  °C,/o2  at  QFM-1  log  unit] 
for  24  hours  and  reground  in  a  carbide 
container  to  less  than  5  fim.  Approximately 
10  mg  of  the  starting  composition  was 
sealed  in  graphite -lined  platinum  capsules. 
Run  duration  varied  from  48  hours  at 
near  solidus  temperatures  to  1  hour  at  near 
liquidus  temperatures.  Longitudinal  sec- 
tions of  the  experimental  charges  were 
mounted,  polished,  and  phase  relations 
determined  with  backscattered  electron 
images.  Quantitative  analyses  were  ob- 
tained with  a  JEOL  JXM-8600  electron 
microprobe  at  Arizona  State  University. 


Experimental  Technique 

Experiments  were  performed  in  an  end- 
loaded,  solid-media,  high-  pressure  appa- 
ratus with  a  0.5  "-diameter  cell  assembly. 
The  assembly  consisted  of  a  graphite  tube 
furnace  encased  in  a  Pyrex  glass  and  outer 
NaCl  sleeve.  The  sample  container  was 
surrounded  by  powdered  alumina  and  the 
remaining  space  in  the  furnace  was  filled 
with  AlSiMag  spacers.  All  assembly  ma- 
terials were  dried  prior  to  loading  to  reduce 
the  access  of  hydrogen  to  the  sample  con- 
tainer. Temperature,  measured  with  a  Pt- 
Pt90RhlO  thermocouple,  encased  in  an 
alumina  spacer,  has  an  uncertainty  of  ±  10 
°C.  Pressure,  with  a  friction  correction  of 
10%  applied  to  nominal  values,  has  an 
uncertainty  of  ±1  kbar. 

The  DWF  bulk  mantle  composition  was 
synthesized  from  spectroscopically  pure 


Results 

Phase  equilibria  data  for  the  DWF  mantle 
composition  at  10  kbar,  15  kbar,  20  kbar 
and  30  kbar  are  shown  in  Figure  48.  The 
starting  material  for  the  1 8  kbar  and  22  kbar 
subsolidus  experiments  was  seeded  with  1 
wt%  natural  garnet  crystals  to  encourage 
garnet  nucleation.  The  stable  subsolidus 
phase  assemblage  to  at  least  22  kbar  is  a 
spinel  lherzolite,  spinel  +  olivine  + 
orthopyroxene  +  clinopyroxene.  Experi- 
mental Fe/Mg  distribution  coefficients  for 
ol/opx  and  gt/cpx  pairs  in  the  subsolidus 
experiments  are  in  agreement  with  pre- 
viously determined  values  (Mori  and  Green, 
1978;  Ellis  and  Green,  1979).  Mass  bal- 
ance calculations  to  express  the  DWF 
mantle  composition  as  proportions  of  the 
analyzed  subsolidus  phases  were  performed 
with  a  least  squares  fit  technique.  In  all 
cases  the  calculated  modes  duplicate  the 
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Fig.  48.  DWF  anhydrous  experimental  phase  assemblages.  Dashed  lines  show  inferred  subsolidus 
transition  of  the  spinel  lherzolite  assemblage  to  garnet  or  plagioclase  lherzolite. 


starting  composition  with  a  total  error  of 
less  than  3  wt%,  most  of  which  can  be 
attributed  to  poor  spinel  analysis.  The 
subsolidus  spinel  phases  are  less  than  10 


Jim  in  size  and  exhibit  variations,  due  to 
both  analytical  difficulties  and  grain 
inhomogeneities,  of  up  to  7  wt%  in  alumi- 
num and  chrome  contents. 


Table  12.  Pyroxene  compositions  at  15  kbar,  1280  °C. 


wt% 


3  pyroxene  assemblage 
Lindsley  (1983) 

augite      pigeonite      orthopyroxenxe 


DWF 

experimental  results* 

clinopyroxene      orthopyroxene 
la  \G 


Si02 

55.1 

55.2 

56.2 

Ti02 

- 

- 

- 

AI2O3 

- 

- 

- 

FeO## 

8.6 

12.5 

12.1 

MnO 

- 

- 

- 

MgO 

21.4 

24.1 

29.1 

CaO 

14.9 

8.2 

2.6 

Na20 

- 

- 

- 

Cr203 

- 

- 

- 

51.9 

0.50 

53.2 

0.49 

0,1 

0.04 

0.1 

0.05 

4.4 

0.12 

3.4 

0.62 

11.3 

0.21 

13.1 

0.17 

0.4 

0.09 

0.4 

0.03 

20.4 

0.25 

26.6 

0.22 

9.4 

0.15 

2.1 

0.02 

0.8 

0.03 

0.2 

0.05 

1.3 

0.10 

1.0 

0.13 

mg# 


81.7  77.5 


81.1 


76.2 


78.4 


*Reported  analyses  are  normalized  averages  of  three  grains.  Standard  deviation  (1  o)  is  reported 
as  absolute  wt%.  #mg  =  Mg/(Mg+Fe).  ##total  iron  as  Fe2+. 
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At  pressures  up  to  20  kbar,  with  increas- 
ing temperature  above  the  solidus,  the  first 
phase  to  melt  out  of  the  assemblage  is 
clinopyroxene.  Although  clinopyroxene  is 
present  in  subsolidus  experimental  assem- 
blages, it  is  absent  above  the  solidus  except 
in  two  experimental  charges  at  1 5  kbar  and 
20  kbar.  These  charges  were  equilibrated  at 
temperatures  well  above  the  solidus  and 
then  lowered  in  temperature  to  the  solidus. 
Their  clinopyroxene  compositions  are 
similar  to  those  found  in  the  subsolidus 
experimental  charges.  Compositionally 
these  clinopyroxenes  have  lower  calcium 
contents  and  lower  mg  numbers  than  would 
be  expected  for  augites  in  equilibrium  with 
the  same  bulk  mantle  composition;  this 
suggests  they  are  pigeonites  (see  Table  12). 
The  data  indicate  that  pigeonite  melts  out 
of  the  spinel  lherzolite  assemblage  within 
20  °C  of  the  solidus.  As  the  degree  of 
melting  increases,  spinel  is  removed  from 
the  assemblage,  at  about  50  °C  above  the 
solidus.  This  is  followed  by  a  large  tem- 
perature interval,  1 50°-200  °C,  where  melts 
are  in  equilibrium  with  only  olivine  and 
orthopyroxene. 


Discussion 

Previous  workers,  with  terrestrial  mantle 
lherzolite  compositions  (see Table  11),  have 
also  reported  the  occurrence  of  pigeonite  at 
upper  mantle  pressures  and  solidus  tem- 
peratures (Mysen  and  Kushiro,  1977; 
TakahashiandKushiro,  1983  and  Takahashi 
1986).  A  detailed  comparison  of  the  melt- 
ing phase  relations  in  these  studies  to  DWF 
results  is  limited  both  by  experimental  dif- 


ficulties, (i.e.,  iron  loss),  and  by  the  con- 
trasting goals  of  the  previous  studies.  Data 
that  describe  melting  phase  relations  over  a 
range  of  uppermantle  pressures  and  include 
melt  and  mineral  compositions  related  to 
the  degree  of  melting  for  different  lherzolite/ 
bulk  mantle  compositions  are  lacking,  but 
the  available  data  support  the  main  result  of 
this  study:  a  change  in  clinopyroxene 
mineralogy  from  augite  to  pigeonite,  along 
a  spinel  lherzolite  solidus,  decreases  the 
temperature  interval  in  which  partial  melts 
are  in  equilibrium  with  two  pyroxenes. 

Pigeonite  is  reported  to  appear  at  the 
solidus  of  HK66  at  1 5  kbar  and  the  provided 
data  suggest  that  at  and  above  this  pressure 
pigeonite  is  the  first  phase,  (along  with 
garnet  at  30  kbar)  to  melt  out  of  the  lherzolite 
assemblage  at  <  25  °C  above  the 
solidus(Takahashi  and  Kushiro,  1983).  At 
10  kbar  the  stable  clinopyroxene  phase, 
augite,  is  present  at  >  45  °C  above  the 
solidus,  and  spinel  is  the  first  phase  re- 
moved (Takahashi  and  Kushiro,  1983).  At 
30  kbar  the  KLB  solidus  phase  assemblage 
consists  of  garnet,  pigeonite,  and  olivine. 
With  increasing  temperature  at  30  kbar, 
garnet  is  the  first  phase  removed  and  pi- 
geonite remains  up  to  80  °C  above  the 
solidus  (Takahashi  1986).  Takahashi  (1986) 
did  not  provide  near  solidus  pyroxene  com- 
position data  for  KLB  below  30  kbar,  but 
the  melting  phase  relations  suggest  that 
clinopyroxene  is  present  at  >  50  °C  above 
the  solidus  and  spinel  is  the  first  phase 
removed  from  the  assemblage.  Pigeonite 
is  stable  at  the  solidus  of  PHN1611  at  20 
kbar  and  is  the  first  phase  to  melt  out  of  the 
lherzolite  assemblage,  50  °C  above  the 
solidus,  at  25%  melting.     Terrestrial 
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Fig.  49.  Solidii  oflherzolitesDWF,66SAL-land 
PHN1611,  (solid  lines),  and  minimum  tempera- 
tures necessary  to  stabilize  pigeonites,  (Lindsley, 
1983),  with  mg#'s  =  75, 85,  and  90,  (dotted  lines), 
versus  pressure. 


lherzolite  66S  AL- 1  has  augite  at  its  20  kbar 
solidus.  The  66S  AL- 1  remains  in  the  spinel 
lherzolite  assemblage  until  60  %  melting, 
but  only  25  °C  above  the  solidus  (Mysen 
and  Kushiro,  1977).  However,  the  results 
of  experiments  with  nodules  PHN1611 
and  66S AL- 1  were  affected  by  iron  loss  to 
the  sample  container  (Harrison,  1981)  so 
that  the  specific  temperature  intervals  and 
estimates  of  degree  of  melting  may  be 
lower  for  both  samples,  although  the  rela- 
tive difference  in  degree  of  melting  inter- 
vals remains  the  same. 

The  observed  modal  abundances  of 
clinopyroxene  and  spinel  in  mantle  samples 
KLB  and  those  calculated  from  subsolidus 
mineral  assemblages  for  HK66  and  DWF 
are  similar  (Table  11).  Differences  in  the 
temperature  interval  over  which 
clinopyroxene  melts  out  of  these  assem- 
blages cannot  be  attributed  to  variations  in 
modal  abundance  of  clinopyroxene  or 
spinel.  Rather,  the  similarity  in 
clinopyroxene  and  spinel  modes  and  the 


1050  1250  1450  1650 

Temperature,  °C 

Fig.  50.  Solidii  of  lherzolites  HK66,  and  KLB, 
(solid  lines),  and  minimum  temperatures  neces- 
sary to  stabilize  pigeonites,  (Lindsley,  1983),  with 
mg#'s  =  75,  85,  and  90,(dotted  lines),  versus 
pressure. 


difference  in  melting  temperature  intervals 
suggest  that  the  melting  reaction  at  the 
solidus,  and  therefore  the  melt  composi- 
tion, or  the  degree  of  melting,  or  both, 
change  when  pigeonite  rather  than  augite  is 
the  stable  clinopyroxene  phase.  The  volume 
percent  of  melt  produced  before 
clinopyroxene  is  removed  from  the  assem- 
blage cannot  be  evaluated  for  the  above 
mantle  samples  without  melt  composition 
data.  One  interpretation  of  the  data  from 
Mysen  and  Kushiro  (1977)  forPHN1611 
and  66S  AL- 1  is  that  the  degree  of  melting 
decreases  when  pigeonite  is  the  stable 
clinopyroxene  phase.  This  result,  how- 
ever, could  also  be  attributed  to 
clinopyroxene  and  aluminous  phase  modal 
abundance  differences  between  PHN 16111 
and  66SAL-1,  see  Table  11. 

The  minimum  temperature  necessary  to 
stabilize  pigeonite,  rather  than  augite,  with 
coexisting  orthopyroxene  is  a  function  of 
both  pressure  and  composition  (e.g., 
Lindsley,  1983).  For  bulk  compositions 
containing  only  the  pyroxene  quadrilateral 
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components  CaSiC>3,  MgSiCb,  and  FeSi03, 
the  minimum  temperature  of  pigeonite 
stability  increases  with  increasing  pressure 
and  decreases  with  increasing  FeSiC>3 
component.  In  this  simple  system,  a  more 
iron-rich  bulk  mantle  composition  will  have 
a  lherzolite  assemblage  that  includes  pi- 
geonite at  a  lower  temperature  than  a  more 
magnesium-rich  mantle.  Whether  or  not 
this  temperature  of  pigeonite  stability  has 
petrological  significance  for  partial  melt- 
ing processes,  however,  depends  on  its 
relation  to  the  solidus  temperature  of  the 
assemblage. 

In  Figures  49  and  50  the  solidus  tem- 
peratures of  the  lherzolites  in  Table  1 1  are 
plotted  against  pressure  along  with  the 
minimum  temperatures  necessary  to  sta- 
bilize pigeonites  of  pure  quadrilateral 
compositions  but  varying  mg#'s.  The 
lowest  pressure  at  which  pigeonite  will  be 
involved  in  partial  melting  at  the  solidus 
can  be  predicted  from  Figures  49  and  50  by 
noting  where  the  solidus  of  a  chosen 
lherzolite  crosses  a  pigeonite  stability  curve 
of  the  same  mg#.  The  data  listed  above, 
which  detail  the  presence  or  absence  of 
pigeonite  along  the  solidus  of  DWF,  66S  AL- 
1  and  PHN 1611,  agree  with  the  pressure  of 
pigeonite  stability  along  the  solidus  as 
predicted  from  Figure  50.  The  data  avail- 
able for  HK66  and  KLB  deviate  from  the 
pressure  predicted  in  Figure  50;  pigeonite 
appears  at  a  lower  pressure,  15  kbar,  than 
the  20  kbar  pressure  predicted  for  HK66 
and  at  a  higher  pressure,  30  kbar,  than  the 
20  kbar  pressure  predicted  for  KLB. 
Takahashi  and  Kushiro  (1983)  suggest  that 
aluminum  has  lowered  the  temperature  at 
which  pigeonite  is  stable  at  15  kbar  in 


HK66.  This  temperature  difference  is  well 
within  Lindsley's  estimate  of  uncertainty; 
±  50  °C  per  mole  %  of  non-quadrilateral 
components  in  excess  of  2  mole%.  The 
bulk  composition  of  HK66  is  more  alumi- 
nous than  DWF  or  KLB.  Without  pyrox- 
ene composition  data  for  KLB  below  30 
kbar  the  increase  in  pigeonite  stability 
temperature  can  not  be  evaluated. 

Prediction  of  the  pressure  at  which  pi- 
geonite will  be  involved  in  partial  melting 
for  any  given  bulk  composition  is  compli- 
cated both  by  uncertainties  in  the  affect  of 
non-quadrilateral  components  on  pyroxene 
stability  and  by  variations  in  solidus  tem- 
perature with  bulk  composition.  However, 
we  may  predict  that  pigeonite  will  be  stable 
along  the  solidus  at  a  lower  pressure  in 
more  iron-rich  mantle  compositions  as 
judged  from  (1)  the  similarity  of  bulk  com- 
position DWF  to  KLB,  except  for  differ- 
ences in  iron  and  magnesium  contents,  and 
(2)  the  resulting  differences  between  solidus 
temperatures  at  any  given  pressure,  50  °C, 
versus  differences  between  the  minimum 
temperature  of  pigeonite  stability,  100  °C. 
The  presence  of  pigeonite  rather  than  augite 
may  change  the  melting  reaction  at  the 
solidus  resulting  in  differences  in  the  vol- 
ume of  melt  produced  and  the  melt  com- 
position. 

The  generation  of  magma  from  an  iron- 
rich,  spinel  lherzolite  mantle  may  be  char- 
acterized by  the  removal  of  basaltic  com- 
position liquids  at  the  solidus  followed  by 
the  production  of  komatiitic  melts  at  higher 
temperatures.  Komatiitic  magmas  may  be 
an  abundant  product  of  martian  volcanism 
(e.g.,  Burns  and  Fisher,  1989)  and  they  are 
an  important  constraint  for  models  of  the 


GEOPHYSICAL  LABORATORY 


87 


thermal  structure  of  a  planet  (e.g.,  Hess, 
1990).  In  a  more  magnesium-rich  mantle 
komatiitic  melts  are  produced  at  large  de- 
grees of  melting  at  either  high  temperature 
intervals  above  the  solidus  or  near  the 
solidus  at  higher  pressures,  140  kbar 
(Takahashi  and  Scarfe,  1985). 
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Effects  of  Fe/Mg  on  the 
Compressibilities  of  a-  and 
P-(Mg,Fe)2Si04 

Robert  M.  Hazen  and  Jinmin  Zhang 

Physical  properties  vary  in  important 
yet  often  subtle  ways  along  solid  solution 
series.  The  effects  of  Fe/Mg  are  of  crucial 
importance  in  characterizing  the  properties 
of  mantle  silicates,  because  we  must  rely 
on  indirect  measurements  of  mantle  prop- 
erties to  deduce  the  appropriate  bulk  and 
mineralogical  composition  of  the  earth's 
deep  interior.  Models  of  the  composition, 
mineralogical  layering,  and  dynamic  state 
of  the  mantle  thus  depend  critically  on  our 
ability  to  infer  Fe/Mg  through  careful  in- 
terpretation of  the  seismic  record. 

This  study  is  one  of  a  series  of  investi- 
gations on  the  effects  of  solid  solution  on 
oxide  and  silicate  compressibility.  Previ- 
ous work  on  wiistites  (Hazen,  1981), 
feldspars  (Angel  et  ai,  1988),  and  py- 
roxenes (McCormick,  Hazen  and  Angel, 
1 989),  as  well  as  the  present  work  establish 
the  feasibility  of  comparing  several  com- 
positionally  related  single  crystals  in  a  single 
high-pressure  mount.  In  this  method,  the 
unit-cell  volume  refinements  of  different 
crystals  are  made  at  identical  pressures,  so 
pressure  measurements  do  not  contribute 
to  resolving  differences  among 
compressibilities  of  several  similar  crys- 
tals .  In  conventional  experiments ,  with  only 
one  crystal  per  mount,  pressure  errors 


(typically  1%  or  greater  below  5  GPa) 
constitute  the  greatest  source  of  uncertainty 
in  calculating  compressibilities. 

We  report  here  on  a  suite  of  four  syn- 
thetic wadsleyite  samples  [£- 
(Mg,Fe)2SiC>4],  and  a  suite  of  four  olivines 
with  different  iron  contents.  The  olivines 
are  natural  samples  except  the  synthetic 
forsterite  end-member.  The  single  crystals 
of  P-(Mg,Fe)2SiC>4  were  synthesized  by 
Jaidong  Ko  at  the  High-Pressure  Labora- 
tory of  the  State  University  of  New  York  at 
Stony  Brook.  The  compositions  are  0.00, 
0.08, 0.16,  and  0.25  Fe/(Fe+Mg),  of  which 
0.25  is  the  highest  iron  content  in  wadsleyite 
ever  synthesized.  The  crystals  may  deviate 
slightly  from  the  ideal  compositional  bi- 
nary, (Mg,Fe)2SiC>4.  Mossbauer  spectros- 
copy of  the  Fei6  sample  reveals  8% 
(atomic)  of  total  iron  is  trivalent  (Finger  et 
ai,  in  review).  Furthermore,  studies  of 
other  synthetic  wadsleyites  reveal  small 
but  significant  amounts  of  bound  OH"  as- 
sociated with  the  01  site  (Smyth,  personal 
communication;  see  also  Smyth  and  Bish, 
1988). 

Subequant  crystals  approximately 
0.1mm  maximum  diameter  were  selected 
from  each  composition.  Four  single  crys- 
tals of  wadsleyite  or  olivine  were  mounted 
together  in  a  diamond-anvil  cell  designed 
for  single-crystal  x-ray  diffraction  studies 
(Hazen  and  Finger,  1 982).  An  Inconel  750X 
gasket  with  a  0.45mm  diameter  hole  was 
centered  over  one  1 .0mm  diamond  anvil, 
while  the  four  crystals  were  affixed  to  the 
other  1 .0mm  anvil  face  with  a  small  dot  of 
the  alcohol  insoluble  fraction  of  Vaseline 
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Fig.  51.  Variation  of  V  versus  pressure  for  wadsleyites. 


5.0 


petroleum  jelly.  Several  0.01mm  fragments 
of  ruby  were  sprinkled  near  the  crystals  for 
internal  pressure  calibration.  Special  care 
was  taken  to  ensure  that  the  crystals  were 
separated  from  each  other  by  at  least 
0.04mm,  and  that  clearance  of  0.1mm  was 
maintained  between  the  crystals  and  gasket 
wall.  These  precautions  prevent  significant 
x-ray  shadowing  of  any  crystal  by  adjacent 
crystals  or  the  gasket  wall. 

Unit-cell  parameters  for  each  crystal 
were  measured  with  the  procedure  of  King 
and  Finger  (1979),  whereby  several  reflec- 
tions are  measured  in  eight  equivalent  ori- 
entations. This  procedure  minimizes  errors 
associated  with  crystal  centering  and 
diffractometer  alignment.  All  refinements, 
furthermore,  relied  on  reflections  within  a 
relatively  narrow  20  range,  from  18  to  33°, 


in  order  to  reduce  systematic  errors  associ- 
ated with  measuring  lattice  parameters  at 
different  26  ranges  (Swanson  et  ai,  1985). 

When  comparing  unit-cell  parameters 
at  several  different  pressures,  it  is  impor- 
tant to  employ  reflections  as  identical  as 
possible  for  each  measurement.  In  the  case 
of  wadsleyites,  the  same  set  of  reflections 
was  used  for  each  crystal  throughout  the 
experiment.  For  olivines,  because  the  ori- 
entations of  the  crystals  shifted  slightly,  the 
reflections  are  not  completely  the  same, 
but  most  of  them  are  identical.  The  mea- 
sured unit-cell  volumes  are  plotted  versus 
pressure  in  Figures  51  and  52. 

Room-pressure  parameters  were  mea- 
sured on  crystals  mounted  in  the  diamond- 
anvil  cell  before  and  after  high-pressure 
experiments,  and  the  pressure  was  cycled 
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Fig.  52.  Variation  of  V  versus  pressure  for  olivines. 


once  during  the  experiments  to  detect  any 
irreversible  changes  in  the  crystals.  Room- 
pressure  cell  parameters  for  the  three  iron- 
bearing  wadsleyites  and  all  four  olivines 
agree  within  one  estimated  standard  devia- 
tion before  and  after  the  high-pressure  ex- 
periments. The  iron-free  wadsleyite,  how- 
ever, displays  a  slight,  possibly  significant, 
decrease  in  b  from  1 1 .4406(8)  to  1 1 .4375(7) 
A,  and  an  increase  in  a  from  5.681(3)  to 
5.686(3)  A. 

General  trends  of  the  axial 
compressibilities  are  similar  for  the  four 
wadsleyites  (Table  13).  In  each  case  the  c 
axis  is  the  most  compressible.  Average  c- 
axis  compressibilities  between  0  and  4.5 
GPa  for  all  samples  are  consistent  with  p  = 
0.00239±0.00003  GPa"1,  and  we  observe 
no  significant  compositional  effect.  Both  a 
and  b  axes  display  average  compressibilities 


of  0.00168  GPa-1,  or  about  30%  less,  for  the 
four  samples.  A  similar  result  was  reported 
by  Sawamoto  et  al.  (1984),  who  reported 
single-crystal  elastic  modulii  derived  from 
Brillouin  spectroscopy.  The  stiffness  of  a 
and  b  relative  to  c  results  from  the  pseudo- 
layering  of  the  structure,  with  (Mg,Fe)- 
octahedral  layers  parallel  to  (001 ),  and  cross 
linking  by  Si207  tetrahedral  pairs. 
Tsukimura  et  al.  (in  press)  described  the 
high-temperature  crystal  chemistry  of  p- 
Mg2Si04.  They  observed  similar  anisot- 
ropy,  with  the  c  axis  approximately  twice 
as  expansible  as  a  or  b. 

Small  but  significant  differences  occur 
in  a  and  b  compressibilities  for  the  four 
compositions.  The  Feo  and  Fe25  crystals  are 
significantly  more  compressible  along  a 
(0.00173(3)  GPa-1)  than  the  Feg  and  Fei6 
specimens  (0.00162(3)  GPa"1).  Similarly, 
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Table  13.  Compressibility  of  wadsleyites 


Fe  mol.%                       Compressibility 

Birch-Murnaghan 

(itO.OSxlO^GPa-1) 

Bulk  Modulus(GPa,  KD=4) 

a            b 

c 

V 

Vo  fixed 

Vo  not  fixed 

0 

1.74          1.73 

2.42 

5.83 

165(2) 

160(3) 

8 

1.64          1.58 

2.38 

5.56 

174(2) 

169(3) 

16 

1.61          1.74 

2.39 

5.69 

169(2) 

164(2) 

25 

1.72          1.62 
Other  published  results 

2.37 

5.66 

170(2) 

165(3) 

Duffy  and  Anderson(1989) 

i 

Mg2Si04 

174 

BinaandWood(1987) 

Mg2Si04 

174 

Irifune(1987) 

Mg2Si04 

174 

Sawamoto  et  a/.(1984) 

Mg2Si04 

174 

Mizukami  era/.  (1975) 

Mg2Si04 

166 

Table  14.  Compressibilities  of  olivines 


Fa  mol.%  Compressibility  Burch-Murnaghan 

(±0.03xlO-3Gpa-1)  Bulk  Modulus(GPa,  KD=4) 


Vq  fixed  Vq  not  fixed 


0  2.42  3.12  1.61  7.09  133(2)  132(4) 

19.8  2.47  3.22  1.66  7.31  129(1)  128(1) 

60.0  2.21  3.55  1.58  7.32  132(4)  127(6) 

100  1.82  3.45  1.44  6.66  144(2)  141(3) 


Other  published  results: 


Sumino(1979) 

Fe2Si04 

137.9 

Isaak  and  Anderson(1989) 

Fe2Si04 

134.4 

Yagi  et  tf/.(1975) 

Fe2Si04 

124 

Chung(1971) 

MgFeSi04 

125.8 

Fe2Si04 

122 

Mizutanief  tf/.(1970) 

Fe2Si04 

110 

Kumazawa  and  Anderson(1969) 

(Mgo.93Feo.07>2Si04 

129.4 

Irifune(l987) 

Mg2Si04 

129 

Duffy  and  Anderson(1989) 

Mg2Si04 

129 

Bina  and  Wood(1987) 

Mg2Si04 

129 
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Pressure(GPa) 

v/vo 

Wadsleyites 

Feo 

Fes 

Fei6 

Fe25 

0 

0.99968 

0.99995 

1.00003 

0.99998 

0.60 

0.99705 

0.99698 

0.99755 

0.99706 

1.16 

0.99354 

0.99438 

0.99388 

0.99395 

1.35 

0.99221 

0.99282 

0.99261 

0.99308 

1.86 

0.98978 

0.99039 

0.98985 

0.98962 

2.14 

0.98769 

0.98823 

0.98818 

0.98854 

2.63 

0.98555 

0.98591 

0.98526 

0.98501 

3.11 

0.98202 

0.98268 

0.98193 

0.98204 

3.67 

0.97893 

0.97958 

0.97897 

0.97886 

4.17 

0.97552 

0.97702 

0.97662 

0.97671 

4.51 

0.97389 

0.97540 

0.97510 

0.97529 

0  after 

1.00032 

1.00005 

0.99997 

1.00002 

Fao 


Olivine 


Faio. 


Fa60.0 


Fa  ioo 


0 

1.00014 

1.00028 

1.00000 

0.99984 

0.77 

0.99504 

0.99445 

0.99523 

0.99542 

1.53 

0.98910 

0.98866 

0.98956 

0.98993 

2.26 

0.98289 

0.98346 

0.98469 

0.98555 

2.99 

0.97806 

0.97798 

0.97942 

0.97951 

3.67 

0.97504 

0.97326 

0.97233 

0.97591 

0  after 

0.99986 

0.99969 

0.99997 

1.00013 

the  Feo  and  Fei6  samples  have  fr-axis 
compressibilities  approximately  0.00173(3) 
GPa-1,  compared  to  0.00160(3)  GPa-1  for 
the  other  two  samples. 

The  reasons  for  these  subtle,  but  signifi- 
cant, differences  remains  puzzling.  There 
is  no  correlation  with  the  obvious  compo- 
sitional difference  -  Fe/(Fe+Mg).  Under 
nonhydrostatic  conditions,  differences 
might  arise  from  orientational  effects: 
crystal  directions  perpendicular  to  the  dia- 
mond anvil  faces  could  show  greater  com- 
pressibility because  of  pressure  medium 


stiffness.  In  the  present  experiments,  how- 
ever, no  such  correlation  is  observed.  The 
Feo  sample  was  oriented  with  a  almost 
perpendicular  to  the  flat  diamond  faces, 
whereas  the  b  axis  of  the  Fei6  is  in  that 
orientation,  yet  both  samples  show  rela- 
tively large  &-axis  compressibilities.  The  a 
axes  of  both  Fes  and  Fe25  samples  lie  at 
approximately  45°  to  the  anvil  faces,  yet 
the  <2-axis  compressibilities  of  these  two 
samples  are  significantly  different. 

The  axial  compressibilities  of  olivines 
are  in  the  order  of  6><2>c(Table  14),  the  same 
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sequence  as  the  cell  edges.  The  experimen- 
tal result  of  olivines  is  more  confusing 
because  natural  samples  were  used  and 
they  may  contain  minor  "impurities"  such 
as  Fe3+.  From  the  data  in  Table  14  it  is  hard 
to  tell  the  compositional  effect.  Unlike 
wadsleyites,  the  axial  compressibilities  are 
quite  different,  yet  no  systematic  variation 
with  Fe/Mg  is  discemable. 

Pressure -volume  data  (Table  15)  were 
fitted  to  a  Birch-Murnaghan  equation  of 
state  with  4  as  the  assumed  pressure  deriva- 
tive (K').  The  bulk  moduli  thus  obtained 
are  included  in  Tables  13  and  14.  These 
values  are  sensitive  to  the  assumed  K\  as 
well  as  to  constraints  placed  on  Vq.  For 
example,  bulk  moduli  approximately  3  GPa 
larger  result  for  wadsleyites  if  1C  is  as- 
sumed to  be  3  instead  of  4,  and  the  calcu- 
lated bulk  moduli  are  almost  5  GPa  larger 
if  values  of  Vo  are  constrained  to  the  aver- 
age of  the  two  observed  "0"  values.  ("0 
GPa"  values  measured  before  and  after 
high-pressure  experiments  are  actually 
made  at  some  pressure  between  0.0  and  0. 1 
GPa  because  pressure  fluid  must  be  re- 
tained in  the  cell;  otherwise  surface  tension 
of  expanding  air  bubbles  in  the  pressure 
chamber  can  push  crystals  out  of  orienta- 
tion.) 

Taking  into  consideration  the  uncer- 
tainties mentioned  above,  the  average  iso- 
thermal bulk  modulus  of  about  1 65  GPa  for 
wadsleyites  determined  in  this  study  is  in 
reasonable  agreement  with  the  174  GPa 
value  recorded  by  Sawamoto  et  al.  (1984) 
in  their  Brillouin  spectroscopy  study  of  (3- 
Mg2Si04.  The  small,  but  possibly  signifi- 
cant, differences  in  bulk  moduli  of  the  four 
different  Fe/(Fe+Mg)  stem  directly  from 


the  unexplained  differences  in  a-  and  b-axis 
compressibilities. 

The  isothermal  bulk  moduli  of  the  three 
magnesian  olivines  agree  with  the  values 
reported  in  the  literature.  As  can  be  seen  in 
Table  14,  the  reported  bulk  moduli  of 
forsterite  are  very  consistent  (-129  GPa). 
On  the  other  hand,  the  values  for  fayalite 
are  much  more  scattered,  varying  from  110 
to  138GPa.  The  bulk  modulus  of  fayalite 
reported  here  is  very  different  from  those  of 
the  magnesian  members,  and  is  among  the 
largest  bulk  moduli  ever  recorded  for  this 
end-member.  Our  conjecture  is  that  this 
crystal  may  contain  considerable  amount 
of  Fe3+,  which  can  greatly  increase  the 
bulk  modulus  because  of  its  high  charge 
and  small  size.  It  is  possible  that  the  speci- 
mens other  authors  used,  whether  natural 
or  synthetic,  might  also  contain  ferric  iron. 
This  possibility  is  supported  by  the  wide- 
spread occurrence  of  Fe3+-rich  olivine(e.g., 
Laihunite  Research  Group,  1976;  Schaefer, 
1983;  Suznoetal,  1985).  Work  in  progress 
on  a  multiple  mount  of  fayalite  crystals  in 
one  diamond  cell  will  better  characterize 
the  bulk  modulus  of  this  end-member  and 
find  the  factors  that  affect  the  result.  If  we 
neglect  the  fayalite  data  in  this  work,  the 
bulk  moduli  of  olivines  decreases  as  Fe/Mg 
increases,  the  trend  detected  by 
Chung(1971). 

Our  conclusions  are:  Substitution  of 
ferrous  iron  for  one  quarter  of  the  magne- 
sium atoms  in  p-Mg2Si04  has  little  sys- 
tematic effect  on  wadsleyite  compressibil- 
ity. Within  a  few  percent,  all  four  samples 
studied  show  the  same  linear  and  volume 
compressibilities;  bulk  moduli  agree  within 
±3%  of  1 64  GPa.  At  this  level  of  precision, 
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therefore,  iron  substitution  has  no  effect  on 
compressibility.  The  bulk  moduli  of  the 
magnesian  olivines  are  in  agreement  with 
reported  values  and  show  a  trend  of  de- 
crease with  increasing  Fe/Mg.  The  fayalite 
bulk  modulus  has  been  poorly  character- 
ized, perhaps  owing  to  the  peculiarity  of 
the  composition.  Further  work  is  needed. 
In  spite  of  the  uncertainties,  it  appears 
doubtful  that  equation-of-state  variations 
will  provide  a  useful  means  for  remote 
determination  of  the  Fe/(Fe+Mg)  of  a-  and 
P-(Mg,Fe)2Si04  in  the  earth's  mantle.  The 
significant  density  effects  of  iron  substitu- 
tion must  remain  the  best  indicator  of  mantle 
iron  content. 
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Optical  Properties  of  Hydrogen  at 
Megabar  Pressures 

Michael  Hanfland,  Russell  J.  Hemley, 
and  Ho-kwang  Mao 

Changes  in  the  electronic  properties  of 
hydrogen  induced  by  pressure  are  central 
to  the  problem  of  the  insulator-metal  tran- 
sition in  this  material.  At  zero  pressure  the 
lowest  energy  electronic  transitions  in  solid 
hydrogen  consist  of  exitonic  bands  at  1 1 
eV,  with  the  excitation  from  the  valence  to 
the  conduction  band  appearing  at  15  eV 
(Inoue  et  aL,  1979).  Under  pressure  the 
valence-conduction  band  gap  is  predicted 
to  decrease,  with  the  gap  closing  in  the 
megabar  range  (>  100  GPa;  Friedli  and 
Ashcroft,  1977,  Min  et  aL,  1986).  Recent 
experimental  studies  (Mao  and  Hemley, 
1989)  are  consistent  with  these  predictions 
but  require  the  gap  to  be  indirect  if  it  closes 
below  200  GPa.  Very  recently  we  observed 
the  onset  of  Drude-type  reflectivity  above 
150  GPa  indicative  of  metallization  by 
band  gap  closure  (Mao  et  aL,  1990).  Evi- 
dence has  been  obtained  for  direct  transi- 
tions at  visible  wavelengths  at  pressures 
above  200  GPa,  suggesting  a  gradual  closing 
of  the  direct  gap  in  this  higher  pressure 
range. 


Optical  measurements  at  high  pressures 
are  limited  to  photon  energies  co  below  4 
eV  by  the  window  of  the  diamond-anvil 
cell  (type  la  diamonds).  This  limitation 
precludes  the  direct  measurement  of  the 
valence-conduction  band  transition  energies 
of  hydrogen  at  lower  pressures  by  one- 
photon  absorption.  However,  the  index  of 
refraction  n  can  be  measured  in  this  energy 
range,  this  quantity  provides  constraints  on 
changes  in  the  electronic  structure  under 
pressure.  Accurate  measurements  of  the 
refractive  index  of  hydrogen  have  been 
obtained  to  20  GPa  by  Brillouin  scattering 
spectroscopy  (Shimizu  et  aL,  1981).  Van 
Straaten  and  Silvera  ( 1 988)  have  determined 
n  and  its  dispersion  dn/dco  to  37  GPa  by 
measuring  Fabry-Perot  interference  fringes 
produced  by  the  sample  in  the  diamond- 
anvil  cell.  They  obtained  approximate  en- 
ergies for  the  valence-conduction  band 
transitions  by  fitting  a  single  oscillator 
model  to  their  data.  Very  recently,  Eggert  et 
aL  (1990)  have  carried  out  a  similar  study 
to  73  GPa.  By  extrapolating  their  data,  they 
predict  a  dielectric  catastrophe  (pressure  at 
which  the  single  oscillator  frequency 
co  ->  0)  at  1 48±  1 9  GPa.  In  the  present  study, 
we  have  extended  the  measurements  of  the 
refractive  index  of  hydrogen  and  its  dis- 
persion in  the  visible  spectral  range  to  161 
GPa.  There  is  no  evidence  for  a  dielectric 
instability  over  the  pressure  range  of  our 
investigation.  Instead,  the  extrapolation  of 
our  data  together  with  those  reported  pre- 
viously indicate  the  onset  of  visible  ab- 
sorption due  to  direct  interband  transitions 
for  pressures  above  200  GPa,  consistent 
with  the  earlier  direct  observations. 
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Fig.  53.  Interference  pattern  of  hydrogen  at  different  pressures.  The  solid  lines  correspond  to  simulta- 
neous fits  of  Eqns.  (I)  and  (2)  to  the  measured  data  (open  circles). 


Hydrogen  was  loaded  in  a  megabar- 
type  diamond-anvil  cell.  The  two  flats  of 
the  diamond-anvils  with  the  sample  in  be- 
tween act  as  a  Fabry-Perot  interferometer. 
If  the  flats  remain  parallel,  and  the  refrac- 
tive index  of  a  transparent  sample  nu  dif- 
fers enough  from  that  of  the  diamond  at  the 
diamond- sample  interface  hd,  interference 
fringes  can  be  observed  to  very  high  loads. 


By  using  a  micro-optical  system  for  reflec- 
tance measurements  in  a  diamond-anvil 
cell  similar  to  that  described  by  Syassen 
and  Sonnenschein  (1982),  we  measured 
the  interference  pattern  as  function  of  the 
photon  energy  up  to  a  maximum  pressure 
of  1 6 1  GPa.  The  ratio  between  the  intensity 
of  the  light  reflected  by  a  Fabry-Perot  inter- 
ferometer /r  and  that  of  the  incident  light  /o 
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as  function  of  the  wavelength  X  (~  1/co)  is 
given  by  (Born  and  Wolf,  1980): 

/R//(M)  =  1  -  ll[l  +  Fsin2(2K8/X)].  (1) 

The  F  =  4R/(1  -  Rp  with/?  =  (nu  -  nv)2/(nH 
+  ni)P  is  a  measure  of  the  amplitude  of  the 
fringes.  The  8  =  nndcos(Q)  is  the  optical 
thickness  of  the  sample  and  determines  the 
distance  between  the  fringes,  and  d  and  6 
are  the  sample  thickness  and  the  angle  of 
the  incident  light,  respectively  (here:  cos( 6) 
~  1 ).  If  «D  is  known,  the  refractive  index  of 
the  sample  can  be  determined  from  the 
amplitude  of  the  fringes,  as  demonstrated 
by  Eggert  et  al.  (1990),  who  measured  the 


interference  pattern  of  hydrogen  in  trans- 
mission mode  up  to  73  GPa.  Although  ri£> 
has  not  been  measured  for  diamonds  under 
load,  its  value  can  be  estimated  from  a 
single  oscillator  model  (see  below)  and  the 
measured  red  shift  of  the  diamond  absorp- 
tion under  load.  By  using  the  same  values 
for  the  model-parameters  as  Eggert  et  al. 
(1990),  we  found  that  «d  increases  from 
2.42  (540  nm)  at  zero  pressure  to  about  3.3 
at  161  GPa.  If  the  sample  thickness  is 
known,  nu  can  also  be  determined  from  the 
distance  between  two  fringes. 

Interference  patterns  of  hydrogen  at  dif- 
ferent pressures  are  shown  in  Figure  53. 
Below  1 10  GPa  the  amplitude  of  the  fringes 
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Fig.  54.  Refractive  index  of  hydrogen  as  function  of  pressure.  Open  circles:  our  data,  open  triangles:  data 
obtained  from  Brillouin  scattering  experiments  (Shimizu  etaL,  1981),  and  open  squares:  Eggert  etal. 
(1990).  The  dashed  line  correspond  to  an  extrapolation  of  the  low  pressure  data  of  Van  Straaten  and 
Silvera  (1988),  and  the  solid  line  represents  a  fit  of  a  linear  equation  to  our  data  only.  The  dotted  line 
shows  the  estimated  values  for  the  refractive  index  of  diamond  at  the  diamond  sample  interface. 
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Fig.  55.  Effective  oscillator  frequency  of  hydrogen  as  a  function  of  the  relative  density.  Open  circles:  our 
data,  open  triangles:  Van  Straaten  and  Silvera  (1988),  and  open  squares:  Eggert  er  a/.(1990).  The  solid 
line  correspond  to  a  fit  of  a  linear  equation  to  our  data  only. 


decreases  with  increasing  pressure,  above 
140  GPa  the  amplitude  increases.  Between 
110  and  140  GPa  the  fringes  disappeared, 
indicating  that  in  this  pressure  range  «h 
crosses  azd-  The  values  of  nu  were  deter- 
mined from  the  amplitude  of  the  fringes  by 
using  the  estimated  load  dependence  of  «d 
(Fig.  54).  The  results  are  in  reasonable 
agreement  with  the  low  pressure  data,  in- 
cluding the  recent  measurements  of  Eggert 
et  al.  ( 1 990).  The  value  of  nu  increases  from 
1.42  at  the  freezing  point  at  5.5  GPa  (300 
K)  to  about  3.65  at  the  maximum  pressure 
(161  GPa),  a  value  observed  at  zero  pres- 
sure and  at  photon  energies  below  the  fun- 
damental absorption  edge  in  semiconduc- 
tors like  Ge  or  GaAs. 


Wemple  and  DiDomenico  (1971)  have 
shown  that  the  photon  energy  dependence 
of  the  refractive  index  of  many  substances 
below  the  fundamental  absorption  edge 
can  be  approximated  by  a  single  oscillator 
expression: 


n(cop  - 1  =  F]/((0\2  .  (£). 


(2) 


The  F\  is  the  oscillator  strength  and  (0\  is 
an  effective  oscillator  frequency  and  a 
measure  for  the  energies  of  the  direct  va- 
lence-conduction band  transitions.  We  fit- 
ted a  combination  of  Eqns.  (1)  and  (2)  to 
our  experimental  spectra.  The  calculated 
interference  patterns  are  in  very  good 
agreement  with  the  measurements  (Fig. 
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53).  The  values  of  co\  resulting  from  the  fits 
are  plotted  in  Figure  55  as  a  function  of  the 
relative  density  p/po-  We  observe  a  linear 
decrease  of  (0\  with  increasing  p/po,  con- 
sistent with  theoretical  results  (Friedli  and 
Ashcroft,  1977,  Min  et  aL,  1986). 

The  values  of  co\  derived  by  Van  Straaten 
and  Silvera  (1988)  and  Eggert  etal.  (1990) 
from  a  similar  analysis  of  interference  pat- 
terns measured  at  lower  pressures  are  also 
shown.  By  extrapolating  a  linear  fit  to  these 
data  as  a  function  of  pressure,  Eggert  et  al. 
(1990)  found  that  co\  -»  0  (dielectric  ca- 
tastrophe) at  148±19  GPa.  In  contrast, 
our  direct  observations  indicate  no  anoma- 
lous behavior.  Up  to  the  maximum  pres- 
sure of  the  investigation  (161  GPa)  the 
best-fit  value  of  co\  (4.9  eV)  remains  in  the 
ultraviolet  spectral  range.  Furthermore,  by 
representing  (0\  as  a  function  of  p/po,  an 
instability  at  much  higher  pressure  is  found 
(p/po  «  13,  P  «  300  GPa),  suggesting  that 
the  closure  of  the  direct  valence-conduction 
band  gap  of  hydrogen  should  occur  in  the 
vicinity  of  this  pressure.  Above  200  GPa 
co\  should  drop  into  the  visible  spectral 
range.  Because  co\  is  expected  to  exceed 
the  lowest  energy  direct  valence-conduc- 
tion band  transitions,  this  result  predicts 
that  visible  absorption  due  to  direct 
interband  transitions  should  be  apparent 
above  200  GPa,  consistent  with  the  optical 
data  reported  previously  (Mao  and  Hemley, 
1989). 
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High-Pressure  X-Ray  Diffraction 

Study  of  Phase  Transformations 

in  LA2CUO4 

Jinfu  Shu,  Ho-kwang  Mao,  Larry  W. 
Finger,  and  Jagan  Akella 

Structural  properties  of  La2Cu04  at  high 
pressures  were  investigated  using  single 
crystal  and  polycrystalline  diffraction 
techniques  with  conventional  and  syn- 
chrotron x-radiation  sources.  We  discovered 
an  orthorhombic-tetragonal  phase  transition 
in  La2Cu04  at  34  kbar. 

La2Cu04,  which  has  the  K2NiF4 
structure,  is  an  important  material  that  ex- 
hibits a  wide  range  of  magnetic  and  elec- 
trical properties.  Investigation  of  La2Cu04 
has  fundamental  significance  in  under- 
standing behaviors  of  oxide  superconduc- 
tors with  perovskite-like  structure.  In  the 
present  work  we  measured  the  lattice  pa- 
rameters of  La2Cu04  as  a  function  of  pres- 
sure up  to  250  kbar  at  298  K  using  diamond- 
anvil  cell  technique(Hazen  and  Finger  1 982, 
1985;  Mao  and  Bell,  1980;  Mao  et  aL, 
1989).  The  sample  was  synthesized  and 
provided  by  Dr.  J.  G.  Liu  of  the  University 
of  California  at  Davis.  At  ambient  condi- 
tions, La2Cu04  has  the  orthorhombic 
symmetry  with  the  b  axis  slightly  longer 
than  the  a  axis.  At  high  pressures,  the  a  axis 
is  less  compressible  than  the  b  axis.  As  a 
result,  the  b  axis  approaches  the  a  axis  in 
length  and  the  unit  cell  becomes  less  dis- 
torted with  increasing  pressure.  At  34  kbar, 
the  symmetry  transforms  to  tetragonal  and 

Lawrence  Livermore  National  Laboratory, 
University  of  California,  P.O.  Box  808,  Li  vermore, 
CA  94550. 


the  two  axes  remains  equal  at  higher  pres- 
sures. 

A  crystal  of  La2Cu04  75jJ.ni  x  100|im  x 
25|im  in  dimension  was  selected  for  high 
pressure  single  crystal  study.  The  crystal 
was  mounted  in  a  modified  Merrill-Bassett 
diamond  cell  with  an  Inconel  X-750  gasket 
(400|xm  diameter  hole).  The  crystal  and 
several  10|im  chips  of  ruby  pressure 
calibrant  were  secured  against  one  anvil 
face  with  a  small  dot  of  the  alcohol-in- 
soluble fraction  of  Vaseline.  A  4: 1  mixture 
of  methanol :ethanol  served  as  the  pressure 
transmitting  medium.  The  lattice  param- 
eters were  measured  using  a  Huber  four- 
circle  diffractometer  with  graphite- 
monochromatized  MoKa  radiation  (A  = 
0.7 107  A)  at  40k V,  30mA.  Unit  cell  param- 
eters were  measured  at  9.8,  15.0,  20.1, 
25.5,  30.3,  34.4,  39.8,  45.4(±0.5kbar),  as 
well  as  at  room  pressure  while  the  crystal 
was  still  mounted  in  the  diamond  cell. 
From  lOto  12  refractions  with  33°<20<47O 
were  centered  for  unit  cell  refinement.  The 
unit-cell  edges  at  different  pressures  are 


20  30  40 
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Fig.  56.  Variation  of  La?Cu04  unit  cell  param- 
eters (a  and  b  axes)  with  pressures.  A  phase 
transformation  from  orthorhombic  to  tetragonal 
symmetry  is  also  shown. 
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Table  16.  Lattice  Parameters  and  Unit-Cell  Volume  of  La2CuC>4  at  Different  Pressure 


Pressure  (kbar) 

a  (A) 

b(A) 

c(A) 

V(A) 

0 

5.364  (5) 

5.405  (4) 

13.137  (4) 

380.9  (5) 

9.80 

5.349  (2) 

5.383  (2) 

13.122(4) 

377.8  (4) 

14.98 

5.341  (1) 

5.370(1) 

13.111(2) 

376.0  (1) 

20.07 

5.334  (3) 

5.358  (2) 

13.101  (2) 

374.4  (3) 

25.5 

5.326  (2) 

5.341  (2) 

13.090  (3) 

372.3  (2) 

30.31 

5.328  (3) 

5.333  (3) 

13.079  (3) 

371.6(3) 

34.42 

5.3212  (25) 

5.3216  (28) 

13.067  (5) 

370.0  (3) 

39.83 

5.3191  (9) 

5.3190(8) 

13.059  (1) 

369.5  (1) 

45.42 

5.3105(11) 

5.3105(6) 

13.046  (1) 

367.9  (1) 

listed  in  Table  16  and  their  variation  with 
pressure  is  illustrated  in  Figure  56.  It  is 
obvious  that  the  b  axis  decrease  faster  than 
the  a  axis  with  increasing  pressure.  At  room 
pressure  the  a  and  b  axes  are  5.3643  and 
5. 4054 A,  respectively;  the  difference  be- 


tween them  is  0.77%.  At  25.5  kbar,  they  are 
5.3255  and  5.3405A,  respectively,  the  dif- 
ference, 0.28%.  A  phase  transformation 
from  orthorhombic  to  tetragonal  occurred 
at  34  kbar.  The  a  and  b  axes  become  iden- 
tical at  pressures  above  the  phase  transfor- 


Table  17.  X-ray  diffraction  data  and  Unit-Cell  Volume  of  La2CuC>4  at 
Different  Pressure 


hkl 


Okbar 


32  kbar 


58  kbar         250  kbar 


002 

6.5381 

6.4815 

6.3915 

111 

3.6558 

3.6188 

3.5866 

3.5440 

004 

3.2940 

3.2666 

3.2426 

3.2005 

113 

2.8773 

020 

2.7062 

2.6722 

200 

2.6815 

2.6576 

2.6413 

2.6043 

006 

2.1957 

115 

2.1674 

024 

2.0908 

2.0699 

204 

2.0792 

2.0606 

2.0496 

2.0122 

220 

1.9055 

026 

1.7004 

1.6869 

206 

1.6867 

1.6724 

1.6757 

1.6438 

24,008 

1.6504 

133 

1.5937 

313 

1.5836 

a 

5.3630 

5.3152 

5.2826 

5.2087 

b 

5.4124 

5.3444 

5.2826 

5.2087 

c 

13.175 

13.071 

12.970 

12.793 

V 

382.43 

371.30 

361.94 

347.08 
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mation.  For  example,  at  45.4  kbar,  they  are 
both5.3105A. 

The  phase  transformation  was  also  ob- 
served in  powdered  La2Cu04  without 
pressure  transmitting  medium  in  diamond 
cell  up  to  250  kbar  with  MoKa  x-ray  ra- 
diation. At  low  pressures  below  the  phase 
transformation,  020-200,  024-204,  026- 
206,  and  133-313  doublets  were  clearly 
observed  and  shown  in  Table  17.  As  the 
pressure  increases,  the  splitting  of  doublets 
are  less  and  less  distinguishable,  and  finally 
at  34  kbar  and  higher  pressures  those 
doublets  become  singlets.  This  change 
demonstrates  that  the  orthorhombic 
La2Cu04  is  transformed  to  a  tetragonal 
phase.  The  powder  x-ray  diffraction  data 
and  unit  cell  at  different  pressures  are  listed 
in  Table  17. 

In  order  to  eliminate  the  effect  of 
nonhydrostatic  stress  on  transition  pres- 
sure and  broadening  of  diffraction  lines, 
polycrystalline  samples  in  4:1  mixture  of 
methanol:  ethanol  medium  were  also 
studied  with  monochromatic  (16  KeV) 


synchrotron  x-ray  source  at  NSLS, 
Brookhaven  National  Laboratory  beamline. 
A  higher-resolution  film  cassette  capable 
of  resolving  0.01°  splitting  of  diffraction 
lines  was  used  to  distinguish  singlets  and 
doublets.  The  results  indicate  that  above 
34  kbar,  the  structure  is  tetragonal  within 
the  present  resolution. 
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Isotopic  Fidelity  During  Bone 
Weathering  and  Burial 

Paul  L.  Koch    ,  Anna  K. 

Behrensmeyertt,  Noreen  Tuross**#, 

and  Marilyn  L.  Fogel 

The  stable  isotopes  of  oxygen,  car- 
bon, and  nitrogen  have  been  used  to 
reconstruct  paleoclimate  and  biological 
characteristics  of  extinct  organisms,  such 
as  diet  or  season  of  death.  Isotopes  of 
these  elements  are  present  both  in  bone 
collagen  and  in  the  bone  mineral,  hy- 
droxyapatite  [Ca5(P04,C03)3(OH,F,Cl)] . 
The  success  of  these  studies  depends 
upon  the  preservation  of  original  isotope 
values  in  tissues  which  may  have  suffered 
diagenetic  alteration  during  weathering, 
microbial  attack,  and  long-term  contact 
with  post-burial  fluids.  Studies  of  the 
state  of  collagen  preservation  have  dem- 
onstrated that  bone  material  with  col- 
lagenous C/N  or  amino  acid  profiles  will 
yield  in  vivo  C  and  N  isotope  values 
(DeNiro  and  Weiner,  1988;  Tuross  etal., 
1988).  Well-preserved  collagen  is  un- 
common in  specimens  >  15,000  a.  Con- 
sequently, attempts  were  made  to  retrieve 
C  and  O  isotopes  from  apatite  (Land  etal., 
1980;  Sullivan  and  Krueger,  1981),  and 
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these  studies  proved  controversial. 
Schoeninger  and  DeNiro  (1982)  compared 
bone  collagen  and  apatite  CO3  and  dis- 
covered that  apatite  had  more  variable 
carbon  isotope  values,  which  they  attrib- 
uted to  diagenesis.  Lee  Thorp  and  van  der 
Merwe  (1987)  analyzed  bone  and  tooth 
enamel  apatite  in  species  with  known  diets 
and  found  that  enamel  had  only  slightly 
altered  carbon  isotope  values  after  IMa, 
whereas  bone  apatite  was  progressively 
altered  with  time. 


Surficial  diagenesis 

In  the  first  of  two  tests  of  bone  diagen- 
esis, the  impact  of  pre-burial  processes  was 
explored.  As  part  of  a  long-term  study  of 
disarticulation  and  bone  decomposition  in 
Amboseli  National  Park,  Kenya 
(Behrensmeyer  and  Dechant  Boaz,  1980), 
rib  samples  were  collected  from  naturally 
weathering  carcasses  of  a  variety  of 
mammals.  Most  carcasses  were  first 
sampled  within  a  year  or  two  of  death,  in 
1975  or  1976,  then  annually  for  5  years, 
and  intermittently  thereafter.  These 
taphonomic  series  are  ideal  for  a  study  of 
diagenesis,  because  they  provide  a  pro- 
gressively weathered  sampling  of  an  indi- 
vidual animal. 

Rib  fragments  were  powdered  in  a  Spex 
mill  in  liquid  N2  and  split  for  collagen  and 
apatite  CO3  analysis.  For  collagen  analysis 
bone  powder  was  decalcified  with  EDTA, 
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Fig.  57.  Carbon  isotope  composition  of  collagen 
(a)  and  apatite  (b)  in  ribs  from  7  Amboseli  car- 
casses versus  year  collected.  For  all  carcasses 
except  the  buffalo  and  rhinoceros,  the  first  sample 
was  collected  soon  after  death.  These  animals 
died  in  1960  and  1968,  respectively.  Ribs  from 
the  impala  were  unweathered  and  all  were  col- 
lected in  1982.  They  are  plotted  to  show  expected 
within  individual  variation.  S  notation  was  used 
{ [(^sample/^standard)- 1 1  x  1 000 },  where /?  is  either 
180/160  or  l^C/l2C).  O  is  relative  to  SMOW  and 
C  is  relative  to  PDB. 

and  C  and  N  isotope  values  were  deter- 
mined as  inTuross  etal.  (1988).  For  apatite 
CO3  analysis  bone  powder  was  treated 
with  reagent-grade  2-3%  NaOHCl  for  3 
days  to  oxidize  organic  matter.  Residues 
were  then  rinsed  and  centrifuged  repeat- 
edly with  distilled/deionized  water  and 
treated  with  0.1N  acetic  acid  to  solubilize 
diagenetic  calcite.  After  repeated  rinsing, 


apatite  was  freeze-dried,  then  dissolved  in 
concentrated  H3PO4  to  release  CO2  for 
isotopic  analysis. 

Previous  studies  of  two  of  these 
taphonomic  series  revealed  progressive  in- 
creases in  collagen  solubility,  apatite  crys- 
tallinity,  and  Sr  concentration  (Tuross  et  al. , 
1989a,b).  However,  none  of  the  seven  ani- 
mals showed  significant  trends  in  <513C 
value  for  either  collagen  or  apatite  (Fig.  57), 
which  would  have  indicated  exchange  with 
sedimentary  or  atmospheric  carbon  reser- 
voirs. Likewise,  neither  <518Oapatite  nor 
<515NCollagen  varied  with  time  of  exposure. 
Conversely,  surface  exposure  was  impor- 
tant in  determining  the  variability  in  apatite 
isotopic  ratios  within  each  animal.  Colla- 
gen samples  from  each  taphonomic  series 
had  standard  deviations  for  <513C  and  <515N 
that  were  comparable  to  those  measured 
within  the  control  (Fig.  58A).  For  apatite, 
however,  all  but  one  of  these  specimens  had 
standard  deviations  for  either  <513C  or  <5180 
that  were  greater  than  expected  based  on 
within  individual  variation  (Fig.  58B).  For- 
tunately, the  increased  variability  was  small 
(<l%o).  Bones  do  not  survive  fully  exposed 
surface  weathering  under  temperate  and 
tropical  conditions  for  much  longer  than 
10-15  years.  Thus,  the  very  slight  alteration 
observed  in  bone  apatite  sets  an  upper  limit 
on  pre-burial  alteration  expected  for  bones 
in  the  fossil  record. 

This  study  also  produced  intriguing  re- 
sults concerning  the  influence  of  diet  and 
habitat  preference  on  the  C  and  O  isotope 
composition  of  mammals.  Plants  with  dif- 
ferent photo  synthetic  pathways  (C3,  C4,  or 
CAM)  have  different  <513C  values  (Tieszen 
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Fig.  58.  Standard  deviation  of  isotonic  values  in 
weathering  series  for  C  and  N  in  collagen  (a)  and 
C  and  O  in  apatite  (b).  Shaded  region  is  standard 
maps  expected  within  individual  variation.  B- 
buffalo  (n=7).  E-elephant  (n=5&7),  H-hippo- 
potamus  (n=5),  R-rhinoceros  (n=3),  W-wilde- 
beest  (n=7),  Z-zebra  (n=7). 

and  Boutton,  1988).  Plants  with  C4  me- 
tabolism include  hot  and  dry  climate 
grasses  and  some  herbs;  CAM  plants  in- 
clude many  succulents;  and  most  trees, 
shrubs,  and  cold-climate  grasses  are  C3. 
Because  animal  tissues  track  dietary  com- 
position, carbon  isotope  analyses  of  colla- 
gen and  apatite  have  proven  valuable  in 
reconstructing  the  diets  of  living  and  fossil 
animals  (Tieszen  and  Boutton,  1988).  In 
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Fig.  59.  (a)  Average  £13C  value  of  apatite  versus 
collagen  for  Amboseli  mammals  and  linear  re- 
gression of  apatite  on  collagen,  (b)  Average  <513C 
versus  5180  in  apatite  for  Amboseli  mammals. 
Symbols  same  as  in  Figure  58 

the  Amboseli  mammals,  <513C  of  collagen 
and  apatite  paralleled  known  dietary  pref- 
erences, with  browsers  (elephant  and  rhi- 
noceros) distinct  from  grazers  (buffalo, 
wildebeest,  and  zebra)  (Fig.  59A).  Mixed 
feeders  (impala  and  hippopotamus)  had 
intermediate  <513C  values.  The  difference 
in  carbon  isotope  value  between  apatite 
and  collagen  in  an  individual 
(^l13C=513Capatite-<513Ccollagen)  aver- 
aged 7.2%o,  similar  to  values  for  other 
herbivores  (Lee  Thorp  et  al.y  1989). 

The  relationship  between  <5180  and 
513C  in  these  animals  was  more  puzzling. 
The  highest  <5180  values  were  in  animals 
feeding  on  C4  plants,  whereas  C3  feeders 
had  intermediate  <5180.  The  aquatic- 
feeding  hippopotamus  had  the  lowest  Sl  80 
value  (Fig.  59B).  Studies  have  showed 
that  the  5180  of  mammal  tissue  is  domi- 
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nated  by  the  (51 80  of  ingested  drinking  and 
plant  waters  (Luz  et  al.,  1984).  Amboseli 
mammals  drank  from  similar  water 
sources,  but  the  <5180  of  dietary  plant  wa- 
ter may  have  varied.  Evaporative  transpi- 
ration enriches  plant  water  in  180  relative 
to  groundwater.  Because  of  different  ad- 
aptations in  leaf  morphology  and  in  the 
timing  of  photosynthetic  activity,  waters 
in  C4  plant  leaves  have  more  positive  81 80 
values  than  C3  leaf  waters  (Sternberg  etal., 
1986).  Aquatic  plants  contain  water 
identical  to  the  surrounding  medium.  We 
attribute  the  5180  variation  in  Amboseli 
mammals  to  differences  in  the  plant  water 
ingested  by  C3,  C4,  and  aquatic  feeders, 
and  suggest  that  oxygen  isotopes  supply 
another  discriminator  that  can  be  used  as  a 
paleodiet  and  diagenetic  monitor. 


Burial  diagenesis  of  Holocene  human 
skeletons 

The  second  test  of  bone  diagenesis 
explored  the  impact  of  burial  alteration  by 
comparison  of  <513C  values  between  apa- 
tite and  collagen  in  Holocene  human  bones. 
Populations  from  three  sites  in  North 
America  were  analyzed:  Sully,  SD,  at  -500 
a;  Chemochechobee,  GA,  at  -1000  a;  and 
three  Archaic  Tennessee  sites  (Eva,  Cherry, 
and  Ledbetter)  at  3000  to  5000  a.  The 
dates  span  the  introduction  of  the  C4  plant 
maize  into  the  diets  of  North  Americans, 
so  the  <513C  of  apatite  and  collagen  was 
expected  to  be  greater  for  younger  samples 
than  for  older,  prehorticultural  populations. 
Furthermore,  analyses  of  extant  mammals 
indicate  that  ^13C  averages  7%o  for  her- 
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Fig.  60.  Difference  in  <513C  between  apatite  and 
collagen  (<5I3C)  versus  carbon  in  collagen  for  three 
Holocene  human  populations:  Sully,  SD,  □; 
Chemochechobee,  GA,  v;  and  Tennessee  Valley 
Archaic,  o.  Shaded  area  marks  range  of  plausible 

S^C  values. 

bivores,  4%c  for  carnivores,  and  between  4 
and  l%o  for  omnivores  (Land  et  al.,  1980, 
Krueger  and  Sullivan,  1984;  Lee  Thorp  et 
al,  1989).  Thus  if  413C  values  outside  the 
range  from  4  and  l%o  are  recovered,  they 
most  likely  result  from  diagenesis. 

As  predicted,  consumption  of  maize 
was  reflected  in  <513CCollagen  for  Sully  and 
Chemochechobee  but  not  for  the  Archaic 
Tennessee  population  (Fig.  60).  However, 
though  all  younger  samples  had  reasonable 
zi13C  values,  values  for  many  Tennessee 
individuals  were  larger  than  the  expected 
7%o  maximum.  Three  pieces  of  evidence 
indicate  that  apatite  alteration  produced 
these  unreasonable  values.  First,  after  de- 
calcification all  analyzed  specimens  had 
good  collagen  replicas.  Replicas  are  ob- 
tained only  from  bones  that  have  experi- 
enced minimal  collagen  degradation.  Sec- 
ond, collagen  £13C  values  from  the  Ten- 
nessee population  were  stable  at  ~-22%o, 
whereas  apatite  ranged  from  predictable 
values  of  -18  to  -14,  to  values  as  great  as 
-10%o(Fig.61).  Finally,  the  8^C  and  <5180 
of  diagenetically-resistant  tooth  enamel 
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Fig.  61.  c513C  of  collagen  (A)  and  apatite  (B)  vs 
£  Oapatite  for  Holocene  humans.  Symbols  as  in 
Figure  4  except  that  shaded  box  marks  range  of 
values  in  tooth  enamel  apatite  from  7  Tennessee 
individuals  and  •  indicates  values  for  bone  from 
these  individuals. 

apatite  (Lee  Thorp  and  van  der  Merwe, 
1987)  were  measured  from  7  individuals. 
This  well-preserved  material  yielded  a  tight 
cluster  of  carbon  and  oxygen  values  (Fig. 
6 IB),  and  zl13C  values  of  =7%c  relative  to 
bone  collagen  from  the  same  individuals. 
We  conclude  that  enamel  revealed  the 
original  range  of  <513C  and  <5180,  and  that 
the  bone  specimens  outside  this  range  suf- 
fered post-burial  alteration. 

Finally,  5180  in  precipitation  and 
groundwater  correlates  strongly  to  ambi- 
ent temperature  (Dansgaard,  1960).  Be- 
cause ingestion  of  this  water  affects  body 
oxygen,  humans  from  different  latitudes 
should  exhibit  different  oxygen  values. 
The  5180  values  for  well-preserved  speci- 
mens from  the  three  human  populations 
bore  out  this  prediction,  with  the  most 
negative  values  for  the  cold,  high-latitude 
Sully  site  and  the  most  positive  values 


from  the  warm,  low-latitude 
Chemochechobee  site.  Enamel  apatite 
values  for  the  Tennessee  site  were  inter- 
mediate. Thus  oxygen  isotope  values  from 
human  populations  may  serve  as  rough 
indicators  of  temperature.  At  stratified 
localities,  where  differences  in  geography 
can  be  ignored,  5180  value  should  track 
changes  in  local  climate. 


Conclusion 

Natural  surface  weathering  does  not 
alter  the  isotopic  composition  of  bone  col- 
lagen. Bone  apatite  CO3  is  affected  by 
surface  weathering,  but  is  not  altered  dras- 
tically or  directionally.  If  bones  survive 
surficial  decay,  they  will  be  interred  with 
essentially  in  vivo  isotope  values.  After 
burial,  bone  apatite  suffers  isotopic  alter- 
ation, which  is  not  revealed  by  mere  in- 
spection of  isotopic  values.  All  513C 
values  from  human  bone  apatite  were  in- 
terpretable  as  indicators  of  diet.  Diagen- 
esis  was  only  recognized  by  reference  to 
more  resistant  phases  such  as  collagen  and 
enamel.  Mineral  diagenesis  was  more 
extensive  in  older  bones  (-5000  a).  As 
expected,  enamel  apatite  was  more  resis- 
tant to  alteration.  We  emphasize,  how- 
ever, that  the  isotopic  composition  of  apa- 
tite in  bone  was  unreliable  as  an  indicator 
of  original  composition,  even  on  relatively 
short  Holocene  time  scales.  Finally,  oxy- 
gen isotope  analysis  segregated  C3,  C4,  and 
aquatic  feeders  among  Amboseli  mam- 
mals, and  provided  information  about  site 
temperature  in  the  Holocene.  These  bio- 
logical and  climatological  applications  of 
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oxygen  isotope  analysis  merit  more  inten- 
sive study  in  both  Recent  and  ancient 
settings  and  underscore  the  need  for  meth- 
ods of  identifying  diagenetically  altered 
biogenic  apatite. 
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Assessing  the  State  of  Preservation  of 

Fossil  Collagen  by 

Analytical  Pyrolysis 

Thomas  C.  Hoering  and  Andrew  Sillen 

The  molecular  and  isotopic  composition 
of  the  organic  matter  in  fossil  bone  is  po- 
tentially an  indicator  of  the  feeding  habits 
of  an  ancient  animal,  but  its  use  for  this 
purpose  has  been  limited  by  problems  of 
preservation.    Bone  becomes  porous  in 
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Fig.  62.  Molecular  structures  of  some  of  the  organic  molecules  produced  by  the  analytical  pyrolysis  of 
bone. 

some  environments  and  the  largest  part  of  contamination  during  taphonomic  pro- 
file original  proteinaceous  material,  colla-  cesses  and  soil  organic  matter  can  infiltrate 
gen,  is  leached  by  percolating  ground  wa-  the  fossil  (Hare,  1982).  Carbohydrates  in 
ter.  The  collagen  is  subject  to  bacterial  the  form  of  glycoproteins  may  cause  rapid 
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and  extreme  chemical  alteration  of  the  pro- 
tein due  to  melanoidin  formation.  The  state 
of  preservation  of  fossil  collagen  must  be 
evaluated  before  valid  isotopic  and  mo- 
lecular measurements  can  be  made  for 
purposes  of  paleo-ecological  reconstruc- 
tion. Elemental  analyses  and  quantitative 
amino  acid  assays  have  been  effective  for 
this  purpose  and  additional  criteria  would 
be  valuable. 

The  purpose  of  the  research  described 
here  is  to  evaluate  the  use  of  analytical 
pyrolysis  to  indicate  the  state  of  preserva- 
tion of  fossil  collagen.  In  this  technique, 
solid  organic  matter  is  heated  rapidly  in  a 
helium  carrier  gas  stream  to  a  temperature 
where  the  sample  fragments  into  volatile 
molecules.  These  products  are  swept  on  to 
a  gas  chromatographic  column,  separated 
and  identified  by  on-line  mass  spectrometry. 
Some  of  the  chemical  structure  of  the  un- 
known solid  material  is  preserved  in  the 
fragments  and  valuable  clues  about  the 
nature  of  the  sample  can  be  obtained 
(Muezelaar  etal,  1982). 

Analytical  pyrolysis  has  been  success- 
ful in  a  wide  range  of  applications  for 
characterizing  intractable,  insoluble  organic 
matter  and  is  particularly  useful  when  py- 
rolytic  "fingerprints"  from  an  unknown 
can  be  compared  with  thermal  decomposi- 
tion products  of  known  material  (Irwin, 
1982).  An  advantage  of  the  method  is  that 
little  sample  preparation  and  operator  in- 
tervention is  required.  A  few  milligrams  of 
powdered  and  dried  bone  are  placed  in  a 
quartz  tube  and  loaded  into  the  pyrolyzer. 
The  heating,  gas  chromatography,  mass 
spectrometry  and  data  recording  are  auto- 
mated. 


A  fundamental  difficulty  is  the  interpre- 
tation of  the  large  amount  of  data  generated 
by  the  experiment.  Avery  complex  mixture 
of  organic  molecules  is  produced  by  py- 
rolysis and  although  the  molecules  can  be 
sorted  out  by  the  automation,  the  problem 
is  one  of  determining  which  of  the  products 
give  significant  information  on  the  nature 
of  the  initial  material.  This  is  illustrated  by 
the  molecular  structures  shown  in  Figure 
62.  The  amino  acids  proline  and  hy- 
droxyproline  are  major  constituents  of 
collagen.  Pyrrole  and  methyl  pyrrole  are 
major  and  easily  recognized  products  of 
bone  pyrolysis.  A  few  plausible  chemical 
reactions  such  as  dehydrogenation,  dehy- 
dration, decarboxylation  and  reduction 
during  pyrolysis  can  account  for  the  par- 
ent-daughter relationship.  On  the  other 
hand,  pyridine  and  toluene  are  also  formed 
in  good  yield  during  pyrolysis.  The  struc- 
tural relationship  between  collagen  and 
these  products  is  not  so  obvious. 

The  initial  exploratory  phase  of  this 
experiment  consisted  of  analyzing  a  range 
of  fossil  bone  samples  using  the  full  mass 
range  of  the  mass  spectrometer.  Many 
pyrolysis  products  with  interesting  struc- 
tures were  identified  and  some  of  them 
appeared  consistently  in  all  samples.  Out 
of  the  hundreds  of  peaks  in  the  chromato- 
grams,  as  a  first  choice,  four  masses  were 
chosen  as  potentially  having  structural  sig- 
nificance. They  were  mass  67  (pyrrole), 
mass  79  (pyridine),  mass  81  (methyl  pyr- 
role) and  mass  91  (toluene). 

A  second  set  of  experiments  was  then 
made  by  using  the  selected  ion  monitoring 
mode  of  the  mass  spectrometer.  In  this 
case,  the  four  selected  masses  are  repeat- 
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edly  and  sequentially  measured  for  250 
milliseconds  each.  The  mass  spectral  sen- 
sitivity and  chromatographic  resolution  are 
increased  markedly  by  this  technique. 

Results  given  in  Figure  63  are  for  some 
extreme  cases.  Sample  (a)  is  modem  col- 
lagen that  is  used  as  a  baseline.  Sample  (b), 
a  bison  bone  of  Clovis  age  (11,00  years) 
was  judged  to  be  well  preserved  on  the 
basis  of  its  nitrogen  to  carbon  elemental 
ratio  and  its  amino  acid  composition. 
Samples  (c)  and  (d),  hartebeest  bones  from 
Swartskrans  Cave,  South  Africa,  age  1 .0  to 
1.5  my  (Brain  and  Sillen,  1988)  were 
similarly  judged  to  be  poorly  preserved. 
Several  features  can  be  seen  in  the  results 
of  this  simple  experiment.  The  amount  of 
pyrrole  and  methyl  pyrrole  obtained  from 
pyrolysis  of  samples  (c)  and  (d)  were  two 
orders  of  magnitude  lower  than  for  (a)  and 


Fig.  63.  Selected  ion  chromatograms  of  bone 
pyrolysates.  Bone  samples  were  pyrolyzed  at 
725°  C.  for  20  seconds  in  a  CDS  Pyrqprobe  Model 
120.  Chromatograms  were  made  with  a  30  m  by 
0.025  mm  I.D.  column  lined  with  Bonded  DB 
Wax  (J  and  W  Scientific  Co.).  The  column  tem- 
perature was  programmed  from  60°  to  230°  C.  at 
a  rate  of  6  °C/min.  The  helium  carrier  gas  pressure 
was  15  psi.  Identification  of  the  peaks  is  as  follows; 
Mass  67,  pyrrole;  mass  79,  pyridine;  mass  81; 
methyl  pyrrole;  mass  9 1 ,  toluene.  In  each  case,  (a) 
through  {d),  the  bottom  set  of  traces  (the  recon- 
structed ion  chromatogram,  RIC  is  the  sum  of  all 
ion  currents  during  the  particular  scan.  The  upper 
set  of  traces  is  a  MAP  plot  where  the  x  axis  is  the 
time  or  scan  number,  the  y  axis  is  the  ion  current 
intensity  and  the  z  axis  is  the  mass  number  of  the 
selected  ion.  The  full  scale  intensity  is  given  on  the 
upper  right.  Samples  (c)  and  (d)  were  run  at  a 
factor  ofo  and  10  times  more  sensitively  than  runs 
(a)  and  (b). 

(a)  Modern  pig  bone.  0.5  mg  of  bone  pyrolyzed. 

(b)  Bison  bone  of  Clovis  age  (approx.  11.000 
years)  from  South  Dakota  .  Donated  by  Adrian 
Hannus.  1.0  mg  of  bone  pyrolyzed. 

(c)  Burned  Haartebeest  bone.  Swartskrans  Cave 
(1.0  -  1.5  my)  Brain  and  Sillen,  (1988).  50  milli- 
grams of  sample  pyrolyzed.  The  sensitivity  of  the 
mass  spectrometer  was  50  times  greater  in  (c)  and 

(d)  as  compared  to  (a)  and  (b). 

id)  Unburned  Haartebeest  bone  control. 
Swartskrans  Cave.  50  mg  of  sample  pyrolyzed 


114 


CARNEGIE  INSTITUTION 


(b),  correlating  qualitatively  with  the  other 
criteria  for  preservation.  Toluene  is  pro- 
duced by  the  pyrolysis  of  a  wide  range  of 
organic  solids  and  may  not  be  diagnostic  of 
a  particular  organic  molecular  structure.  Its 
yield  may  be  taken  as  a  measure  of  the  total 
pyrolyzable  organic  carbon.  The  ratio  of 
mass  67  (pyrrole)  to  mass  91  (toluene)  then 
is  related  to  the  fraction  of  organic  matter 
existing  as  proline  andhydroxyproline.  This 
correlation  seems  to  be  borne  out  by  the 
mass  chromatograms  of  Figure  63  where 
the  ratio  is  much  lower  for  the  poorly 
preserved  specimens  than  for  the  well  pre- 
served ones. 

Samples  (c)  and  (d)  have  a  number  of 
other  components  besides  toluene  that  con- 
tribute to  the  signal  at  mass  91.  These  are 
from  aromatic  hydrocarbons  that  represent 
highly  condensed  structures  in  the  residual 
organic  matter  of  these  bones.  Such  com- 
pounds arise  from  pyrolysis  of  diageneti- 
cally  altered  material,  indicating  major 
changes  in  the  structure  of  the  fossil  organic 
matter.  The  significance  of  pyridine  (mass 
79)  is  not  obvious,  but  may  also  reflect 
increased  condensation  and  aromaticity. 

Samples  (c)  and  (d)  were  chosen  in  an 
attempt  to  see  if  any  detectable  differences 
can  be  seen  in  the  molecular  composition 
of  a  supposedly  burned  bone  as  compared 
to  a  control  (Brain  and  Sillen,  1988).  No 
obvious  differences  in  the  pyrograms  of 
Figure  63  are  evident.  Apparently  all  of  the 
original  proteinaceous  organic  signal  has 
been  overwritten  by  weathering  and  diage- 
netic  processes.  Experiments  were  per- 
formed on  the  burned  bone  by  using  the 
technique  of  "thermal  extraction"  to  see  if 
the  original  heating  had  produced  detect- 


able thermal  degradation  products.  In  this 
technique,  the  sample  is  heated  in  stages, 
below  the  temperature  where  pyrolysis 
occurs.  Pre-existing  small  molecules  can 
be  distilled  from  the  sample  and  identified. 
None  were  seen  in  this  case,  but  the  method 
may  be  valuable  in  better-preserved  mate- 
rial. 

The  pyrolysis  of  a  number  of  bone 
specimens  yielded  alkyl  nitriles  (e.g.,  n- 
C15H31CN  and  n-Ci7H35CN).  Because 
such  compounds  can  originate  from  the 
heating  of  ammonium  salts  of  fatty  acids, 
they  may  represent  palmitic  and  stearic 
acid,  two  common  constituents  of  animal 
fats.  The  yields  and  occurrence  of  the  alkyl 
nitriles  were,  however,  irreproducible  un- 
der the  conditions  used  in  these  experi- 
ments and  further  investigations  are  needed 
to  establish  the  significance  of  these  in- 
teresting compounds. 

During  the  initial  screening,  several 
samples  of  bone  yielded  gas  chromato- 
graphic peaks  and  mass  spectra  corre- 
sponding to  phenols  and  guiacols 
(methyoxyphenols)  that  are  not  usually 
found  in  bone  pyrolysates. 
Such  compounds  are  formed  during  py- 
rolysis of  soils  and  humic  acids.  Possibly, 
contamination  of  these  bones  by  infiltrat- 
ing soil  organic  matter  had  occurred.  The 
inclusion  of  appropriate  masses  in  the  se- 
lected ion  monitoring  program  could  help 
detect  this  kind  of  contamination. 

The  analytical  pyrolysis  of  bacterial 
cultures  often  gives  mass  spectra  with  an 
intense  peak  at  mass  59  that  arises  from 
material  in  cell  walls  (Haverkamp  et  al.> 
1984).  A  portion  of  this  peak  is  due  to  the 
molecule  acetamide  CH3CONH2.  Future 
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studies  should  include  a  search  for  this 
compound  as  a  potential  indicator  of  mi- 
crobial contamination. 

The  results  of  this  preliminary  feasibility 
study  are  encouraging.  Further  work  with 
analytical  pyrolysis  of  fossil  bone  is  war- 
ranted. Future  measurements  should  be 
made  quantitative  through  the  use  of  internal 
standards  and  reference  calibration  com- 
pounds. Statistical  methods  such  as  multi- 
variate analysis  and  principle  component 
analysis  should  be  used  to  identify  the 
factors  indicating  the  state  of  preservation 
of  fossil  collagen  (Harper  etal,  1 984).  After 
these  factors  have  been  recognized,  the 
simplification  of  the  mass  spectra  through 
the  use  of  chemical  ionization,  rather  than 
the  electron  impact  ionization  used  in  this 
work,  may  be  useful  in  increasing  the  reso- 
lution of  the  statistical  methods. 
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Variable  Preservation  of  Organic 
Matter  in  Fossil  Bone 

P.  E.  Hare  and  David  von  Endfi 

The  elemental  compositon  for  carbon 
and  nitrogen  in  modem  bone  is  approxi- 
mately 13%  C  and  4%  N  (dry  weight) 
reflecting  the  presence  of  approximately 
25%  proteinaceous  organic  matter  (Hare, 
1980).  The  protein  collagen  (49%  C  and 
15%  N)  makes  up  the  bulk  of  the  organic 
matrix  of  bone  and  has  nearly  the  same 
carbon-to-nitrogen  ratio  as  does  the  bone 
itself  (C/N=3.2).  In  contrast,  the  organic 
matter  in  fossil  bone  ranges  from  values 
close  to  that  of  modem  bone  to  values  that 
are  orders  of  magnitude  different  from 
modem  bone.  The  wide  range  of  concen- 
trations for  the  organic  matter  found  in 
fossil  bone  is  a  function  of  both  age  and 
environment  (evenmicroenvironment).  To 
simplify  the  effects  of  several  parameters 
we  have  sampled  fossil  bones  from  ar- 
chaeological sites  of  Clovis  age  (approxi- 
mately 11,000  years  old).  Clovis  age  sites 
are  widely  distributed  in  the  United  States 
and  are  found  in  a  wide  range  of  environ- 
ments. In  effect  we  have  eliminated  the  age 
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of  the  fossil  samples  as  a  variable  and  have 
compared  environmental  effects  on  samples 
of  similar  age. 

The  objectives  of  this  study  were  to 
compare  relative  carbon  and  nitrogen  losses 
in  fossil  bone  and  to  compare  nitrogen 
values  determined  by  elemental  analysis 
with  nitrogen  values  calculated  from  amino 
acid  analyses  of  aliquots  of  the  same  sample. 
Earlier  studies  of  organic  matter  diagenesis 
in  fossil  bone  have  used  primarily  amino 
acid  analysis  for  studying  changes  in  the 
amino  acid  composition  and  concentra- 
tions of  the  organic  matrix. 

The  preliminary  results  of  this  study 
show  that  the  amino  acid  composition  and 
concentration  data  are  not  an  accurate 
measure  of  the  organic  matter  present  in 
fossil  bone  with  less  than  0.1%  N.  For 
these  low  nitrogen  samples  the  values  of 
nitrogen  calculated  from  the  amino  acid 
and  ammonia  composition  consistently 
underestimates  the  amount  of  total  nitrogen 
(determined  by  the  elemental  analyzer) 
often  by  as  much  as  an  order  of  magnitude. 
Furthermore,  the  carbon-to-nitrogen  ratios 
suggest  the  presence  of  a  carbonaceous 
polymer  with  little  or  no  amino  acid  or 
ammonia  nitrogen  as  the  primary  organic 
residue  in  fossil  bone  with  low  nitrogen 


levels.  These  findings  have  important  im- 
plications for  stable  and  radioisotope  studies 
of  fossil  bone. 

Carbon,  nitrogen,  and  hydrogen  el- 
emental analysis  was  done  at  the 
Smithsonian  Institution's  Conservation 
Analytical  Laboratory  on  a  Carlo-Erba 
Model  1 106  elemental  analyzer.  Duplicate 
sample  aliquots  were  analyzed  for  amino 
acids  at  the  Geophysical  Laboratory. 
Samples  of  Clovis  age  bones  from  different 
environments  were  supplied  by  Dr.  Vance 
Haynes  of  the  University  of  Arizona  and 
Dr.  Gifford  Miller  of  the  University  of 
Colorado. 

Table  18  shows  a  comparison  of  the 
nitrogen  values  determined  by  the  elemental 
analysis  (total)  to  the  nitrogen  values  cal- 
culated from  the  amino  acid  and  ammonia 
composition.  The  nitrogen  levels  deter- 
mined by  elemental  analysis,  listed  as  %  N 
(total),  compare  closely  to  the  nitrogen 
values  calculated  from  amino  acid  analysis 
for  samples  with  higher  nitrogen  levels. 
The  Clovis  age  samples  are  summarized  by 
the  last  three  samples  of  Table  18.  The  Owl 
Cave  site  is  in  Idaho  at  a  mean  annual 
temperature  of  5°  C.  The  results  from  the 
Owl  Cave  site  show  that  relatively  little 
diagenesis  has  occurred  in  the  1 1 ,000  years 


Table  18.  Comparison  of  Amino  Acid  Nitrogen  and  Total  Nitrogen 


%  N  (Total) 

%  N  (Amino  Acid) 

C/N 

COLLAGEN                      14.8 

14.5 

3.2 

MODERN  BONE                 4.0 

4.0 

3.3 

CLOVIS  AGE  SAMPLES 

OWL  CAVE,  ID            2.6 

2.4 

3.5 

CLOVIS,  NM                0.1 

0.02 

50 

CLOVIS,  NM                0.01 

0.003 

>100 
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of  burial.  The  other  two  samples  are  from 
the  type  locality  near  Clovis,  New  Mexico, 
with  a  mean  annual  temperature  close  to 
16°  C.  Temperature  is  clearly  the  pre- 
dominant factor  in  explaining  the  differ- 
ences between  the  Clovis  sites  in  Idaho  and 
New  Mexico.  The  two  samples  from  the 
same  site  in  New  Mexico  illustrate  the 
range  of  values  for  carbon  and  nitrogen 
obtained  from  areas  where  extensive  dia- 
genesis  has  occurred.  Factors  other  than 
temperature  are  responsible  for  the  order  of 
magnitude  difference  between  the  two 
samples  from  the  same  site.  Probably  lo- 
calized leaching  effects  from  ground  water 
account  for  the  differences  seen  from  single 
sites. 

It  is  clear  that  for  levels  of  nitrogen  at 
0.1%  and  lower  the  nitrogen  values  calcu- 
lated from  the  amino  acid  composition  are 
significantly  lower  than  the  nitrogen  levels 
determined  from  the  elemental  analyzer. 
Carbon-to-nitrogen  ratios  also  show  a 
marked  difference  for  the  low  nitrogen 
samples,  indicating  a  preferential  loss  of 
nitrogen  compared  to  carbon.  The  presence 
of  carbonate  carbon  could  explain  the  high 
carbon-to-nitrogen  ratios,  but  removal  of 
this  fraction  by  treatment  with  HC1  showed 
only  a  small  effect  on  the  C/N  values.  (Data 
not  shown) 

Carbon  shows  a  very  different  pattern 
of  diagenesis  than  does  nitrogen.  There  is 
a  drop  in  carbon  levels  during  diagenesis 
from  about  13%  in  modern  bone  to  a 
minimum  of  about  1  %  in  fossil  bones.  This 
decrease  of  about  one  order  of  magnitude 
for  carbon  contrasts  with  nitrogen,  which 
shows  a  drop  of  three  orders  of  magnitude 
for  the  same  samples.  During  diagenesis  of 


bone,  carbon  values  appear  to  stabilize  at 
about  1%,  whereas  nitrogen  levels  con- 
tinue to  drop.  This  organic  residue  with 
high  C/N  values  represents  a  fraction  in 
fossil  bone  that  has  been  largely  overlooked 
in  previous  studies  because  of  their  focus 
on  the  amino  acid  residues 

The  source  and  chemical  nature  of  this 
organic  fraction  is  not  yet  known.  Prelimi- 
nary dialysis  experiments  show  that  the 
material  is  retained  in  dialysis  tubing  with 
a  12,000  molecular  weight  cutoff.  We 
speculate  that  it  is  related  to  humic  acids, 
which  would  account  for  its  inertness  and 
stability.  It  may  be' generated  from  the  in 
situ  diagenesis  of  the  organic  matter  in 
bone.  Both  protein  and  carbohydrate  are 
present  in  fresh  bone,  and  it  is  possible  that 
amino  acids  and  sugars  from  the  break- 
down of  these  components  could  interact  to 
form  humic  acid-like  products.  Current 
experiments  are  underway  using  gas 
chromatography/infrared/mass  spectrom- 
etry and  nuclear  magnetic  resonance  to 
gain  insights  into  the  molecular  structure  of 
this  refractory  material.  It  is  also  possible 
that  this  material  could  originate  outside 
the  bone  and  enter  into  the  bone  structure. 
Reworking  of  the  original  organic  matrix 
by  microorganisms  may  also  contribute  to 
the  presence  of  this  organic  residue  found 
in  many  fossil  bone  samples. 

Comparison  of  amino  acid  and  elemental 
analyses  on  modern  and  fossil  bone  shows 
the  presence  of  a  stable,  relatively  abundant 
organic  residue  that,  unlike  proteins,  may 
persist  far  back  into  the  fossil  record.  An 
understanding  of  the  mechanism  by  which 
this  material  is  formed  and  the  radiocarbon 
and  stable  isotope  patterns  of  the  organic 
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matter  incorporated  into  this  residue 
(Stafford  et  ai,  1990)  could  lead  to  a  better 
understanding  of  the  environmental  changes 
that  have  taken  place  on  this  planet  and 
which  may  be  preserved  in  the  fossil  record. 
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Determination  of  the  Isotopic  Composi- 
tion of  Elemental  Sulfur  from  Marine 
Sediments. 
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To  understand  the  flow  of  sulfur  and  its 
intermediates  within  biogeochemical 
cycles,  it  is  necessary  to  develop  tracers 
that  are  unique  to  the  sulfur  compound  or 
phase  being  followed.  The  stable  isotopes 
of  sulfur  (34S  and  32S)  have  been  used 
successfully  to  follow  the  various  reaction 
pathways  of  sulfur  and  the  formation  of 
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pyrite  (Goldhaber  and  Kaplan,  1980; 
Chanton  et  aU  1987;  Hall  et  ai,  1988).  In 
previous  work,  the  34s/32§  values  of  sul- 
fate, dissolved  sulfide,  iron  monosulfides 
and  pyrite  from  sediment  cores  taken  from 
various  marine  environments  have  been 
used  as  tracers.  To  date,  the  sulfur  isotope 
composition  of  elemental  sulfur  from  ma- 
rine sediments  has  not  been  determined. 
Elemental  sulfur  is  an  integral  phase  in  the 
sulfur  cycle  and  is  involved  in  the  forma- 
tion of  pyrite  (Goldhaber  and  Kaplan,  1974). 
With  the  development  of  an  extraction 
scheme  for  elemental  sulfur,  coupled  with 
the  bromine  pentafluoride  (BrFs)  tech- 
nique (Puchelt  et  al.9  1971;  Hoering,  this 
Report),  the  determination  of  the  isotopic 
composition  of  elemental  sulfur  has  been 
made  possible.  It  is  the  purpose  of  this 
paper  to  describe  a  technique  for  the 
preparation  and  determination  of  the  iso- 
topic composition  of  elemental  sulfur  us- 
ing the  BrFs  technique.  This  technique  has 
also  been  tested  on  various  organic  sulfur 
compounds. 


Experimental 

The  combustion  and  oxidation  of  el- 
emental sulfur  was  accomplished  with  a 
modification  of  the  Schoninger  micro- 
combustion  technique  (Steyermark,  1 96 1 ). 
In  this  method,  sulfur  is  oxidized  to  SO2  and 
SO3  in  a  pure  oxygen  atmosphere  at  ap- 
proximately 1200°C: 


So  (or  Organic  S)  +  O2  i 

S02  +  SO3  +  H20  (+CO2). 


(1) 
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The  resulting  oxides  of  sulfur  are  absorbed 
into  a  NaOH  solution  and  converted  to  SO4 
with  HNO3.  The  sulfate  is  then  precipitated 
with  barium  to  form  barium  sulfate,  which 
is  converted  to  BaS  with  the  technique 
described  by  Tabatabai  (1982)  and  Krouse 
and  Tabatabai  (1986).  This  reaction  takes 
place  in  an  argon  atmosphere  at  1100°C. 
Barium  sulfide,  which  is  unstable  in  air, 
must  be  converted  to  Ag2S  which  is  needed 
for  the  fluorination  step.  The  fluorination 
and  extraction  procedures  for  sulfur  iso- 
topes are  a  modification  of  those  described 
by  Puchelt  et  al.  (1971)  and  are  fully  de- 
scribed by  Hoering  (this  Report). 

Procedure.  The  determination  of  the 
d^S  of  elemental  sulfur  consists  of  five 
steps.  As  a  test  of  this  procedure  sulfur 
extracts  from  a  salt  marsh  sediment  core 
were  analyzed.  This  sediment  core  was 
obtained  from  a  coastal  salt  marsh  (Great 
Marsh,  Lewes,  DE)  and  sectioned  in  a  N2- 
purged  glovebox  every  2.5  cm.  The  sedi- 
ments were  stored  frozen  until  extraction. 
Subsequent  manipulations  were  performed 
under  N2  at  room  temperature. 

Sediment  Extraction.  The  extraction 
scheme  was  designed  to  obtain  the  major 
organic,  metal  oxide  and  inorganic  pools  of 
sulfur  (Ferdelman,  1988).  Briefly,  elemental 
sulfur  and  other  non-polar  sulfur  com- 
pounds were  extracted  from  a  2.5  gram 
sediment  aliquot  with  a  3:1  (v/v) 
methanoktoluene  mixture.  The  sediment 
was  extracted  on  a  shaker  plate  for  2  hours. 
The  liquid  phase  was  separated  from  the 
sediment  via  centrifugation  and  placed  into 
a  tared  glass  bottle.  An  aliquot  of  the  extract 
was  then  dried  under  a  gentle  stream  of  N2 
gas.  This  sulfur  fraction  is  operationally 


defined  as  elemental  sulfur  and  may  con- 
tain nonpolar  organic  compounds. 

Combustion  to  SO 2.  The  flask  used  for 
this  method  is  a  300  ml  Thomas-Ogg 
Schoninger  combustion  flask  (Thomas 
Scientific,  Inc.)  that  includes  an  all  glass 
stopper  with  an  extended  glass  hook  on  the 
bottom.  Approximately  50  mg  of  the  dried 
extract  is  wrapped  in  black,  ashless  paper. 
The  paper  is  folded  tightly  and  placed  into 
a  platinum  basket.  Twenty  ml  of  0.0 IN 
NaOH  is  added  to  the  flask  and  the  glass 
stopper  with  platinum  basket  is  carefully 
placed  into  the  flask.  The  flask  is  purged  for 
three  minutes  with  oxygen  and  sealed,  being 
careful  to  minimize  the  introduction  of  air 
into  the  flask.  A  small  amount  of  distilled 
water  is  placed  around  the  lip  of  the  glass 
stopper  to  help  seal  the  flask.  The  black 
paper  is  ignited  in  a  minute  or  less  by 
focusing  an  external  IR  light  source  onto 
the  black  paper.  After  combustion,  the  flask 
is  swirled  gently  and  allowed  to  sit  for  40 
minutes.  During  this  time  the  SO2  and  SO3 
will  absorb  into  the  dilute  NaOH  solution. 

Oxidation  of  SO2  to  SO42:  After  40 
minutes,  the  NaOH  solution  is  poured  into 
a  50  ml  beaker.  The  combustion  flask  is 
rinsed  at  least  three  times  with  distilled 
water,  and  the  rinses  are  placed  into  the 
beaker.  To  the  beaker  20  drops  of  concen- 
trated HNO3  are  added  to  oxidize  the  sulfur 
to  sulfate.  The  solution  is  then  evaporated 
to  dryness  at  low  heat,  being  careful  not  to 
overheat  the  beaker. 

Precipitation  of  BaS04.  Forty  ml  of 
distilled  water  and  0.75  ml  of  6N  HC1  are 
added  to  the  50  ml  beaker  which  is  then 
heated  to  near  boiling.  Twenty  ml  of  distilled 
water  and  BaCl2  are  added  into  a  100  ml 
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beaker.  The  amount  of  BaCh  that  is  added 
to  the  beaker  is  dependent  on  the  amount  of 
sulfur  that  will  be  precipitated  (i.e.,  0. 1 5  ml 
of  5%(w/v)  BaCb  for  each  mg  S).  The 
beaker  and  its  contents  are  also  heated  to 
near  boiling.  At  this  point  the  hot  sample 
solution  is  added  to  the  hot  BaCh  and  is 
stirred  with  a  glass  rod.  A  watch  glass  is 
placed  on  top  of  the  beaker  and  the  tem- 
perature of  the  hot  plate  is  lowered  to  ca. 
50°C.  The  solution  should  sit  overnight  on 
the  hotplate  so  that  large  BaS04  crystals  can 
form. 

To  obtain  the  BaSCU  crystals  either 
filtration,  with  a  glass  sinter  funnel  (fine  or 
medium  pore  size),  or  centrifugation  will 
suffice.  The  choice  of  the  method  is  de- 
pendent on  the  amount  of  precipitate  present 
and  the  amount  of  sulfur  needed  for  the 
conversion  to  Ag2S.  Generally,  at  least  5 
mg  of  BaS04  should  be  recovered  for  the 
conversion  to  Ag2S. 

Conversion  ofBaS04  to  Ag2S  and  SF<5. 
For  the  conversion  of  BaS04  to  BaS,  the 
method  described  by  Tabatabai  (1982)  and 
Hoering  (this  Report)  was  used.  In  brief, 
the  barium  sulfate  precipitate  is  mixed  with 
powered  graphite  in  a  porcelain  boat.  The 
boat  is  placed  in  an  argon-purged  furnace  at 
1100°C  for  two  hours.  At  the  end  of  this 
time  barium  sulfate  is  quantitatively  reduced 
to  barium  sulfide  (BaS).  The  BaS  is  then 
converted  to  H2S  with  6N  HC1  and  is  trapped 
in  a  dilute  AgN03  solution,  as  Ag2S.  The 
Ag2S  is  dried  and  then  fluorinated  with 
BrFs  in  nickel  reaction  vessels  (Hoering, 
this  Report). 

The  SF6  was  analyzed  with  a  Finnigan 
MAT  251  isotope  ratio  mass  spectrometer. 
The  data  are  reported  in  the  standard  S 


notation  [i.e.,  <£4S=  ([/?sample/#standard]- 
1)103;  where  R  =  34S/32S].  The  standard 
reference  material  is  troilite  from  the 
Canyon  Diablo  meteorite  (CDT). 


Results  and  Discussion 

For  this  procedure  to  be  successful  in 
obtaining  accurate  isotope  ratios  of  el- 
emental sulfur  or  organic  sulfur,  each  step 
or  conversion  must  be  quantitative  and 
result  in  little  or  no  isotopic  fractionation. 
The  combustion  and  conversion  of  el- 
emental sulfur  and  organic  sulfur  to  sulfate 
were  tested  with  standard  compounds.  To 
obtain  quantitative  recoveries  of  sulfate  it 
was  found  that  purging  the  flask  with  suf- 
ficient oxygen  (>  3  min)  and  proper  sealing 
of  the  combustion  flask  were  critical.  With 
these  precautions,  elemental  sulfur  was 
quantitatively  recovered  (99.7  ±1.5%,  «=3), 
as  was  cysteine  (97.7+4.9%,  «=3),  gluta- 
thione (103±4.2%,  n=3)  and  thiosalicylic 
acid(101±5.7%,H=3).TheoxidationofSO2 
to  SO42"  was  first  tried  with  a  saturated 
solution  of  Br2  water,  which  resulted  in  low 
and  variable  recoveries.  For  example,  cys- 
teine was  only  partially  recovered  with  Br2 
water  (54  ±23%,  n=6).  However,  quanti- 
tative yields  were  obtained  using  HNO3  as 
the  oxidizer. 

The  recovery  of  sulfate  was  accom- 
plished by  precipitation  as  barium  sulfate. 
Quantitative  recoveries  (96  ±  5.4%,  n=5) 
were  obtained  when  the  barium  sulfate 
precipitate  was  kept  warm  (ca.  50°C) 
overnight,  which  allowed  growth  of  the 
BaS04  crystals  to  sufficient  size  to  be 
quantitatively  recovered  by  the  sintered 
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glass  funnel  (medium  pore  size). 

The  preparation  and  conversion  of 
barium  sulfate  to  SF6  has  been  discussed 
previously  (Puchelt  et  a/.,  1971;  Tabatabai, 
1982;  Krouse  and  Tabatabai,  1986;  and 
Hoering,  this  Report).  To  verify  the  sulfur 
isotope  fidelity  of  the  method,  elemental 
sulfur  standards  were  analyzed  directly  in 
addition  to  the  combustion  procedure.  The 
elemental  sulfur  standard  has  an  <534S  of 
21.05  ±  0.33%o  (w=5),  whereas  the  el- 
emental sulfur  that  was  prepared  with  the 
combustion  procedure  has  a  <534S  of  21 .32 
±  0.50%c  («=4).  Thus,  the  combustion  pro- 
cedure and  related  preparation  steps  yield 
accurate  and  precise  results.  To  check  fur- 
ther the  reproducibility  of  the  method,  an 
organic  sulfur  compound,  cysteine,  was 
tested.  A  <£4S  of  15.4  ±  \A%o  (n=2)  indi- 
cated that  fairly  precise  results  can  be  ob- 
tained with  cysteine.  Unfortunately,  the 
isotopic  composition  of  the  cysteine  stan- 
dard has  not  been  independently  analyzed 
to  check  accuracy.  Further  research,  in- 
cluding tests  on  a  wide  range  of  organic 

Table  19.  Sulfur  isotopic  composition  (^4S)  of 
elemental  sulfur  and  pyrite  from  sediments  taken 
from  the  Great  Marsh,  Lewes,  DE. 


Depth  (cm) 

#4S-S(0)* 

#4S-FeS2# 

0-2.5 

+8.30 

ND 

2.5-5 

ND 

ND 

5-7.5 

ND 

-16.0 

7.5-10 

+7.43 

ND 

10-12.5 

ND 

-12.0 

15-17.5 

+4.43 

-6.4 

20-22.5 

ND 

-15.7 

27.5-30 

ND 

-12.2 

35-37.5 

+5.25 

-18.6 

*  -  %c,  CDT,#  -  From  Cifuentes  et  al.  (1989), 
ND  -  Not  determined 


sulfur  compounds  through  the  entire  com- 
bustion procedure  is  needed  to  prove  the 
robustness  of  the  procedure  for  various 
organic  sulfur  compounds. 

This  procedure  was  used  to  study  the 
sulfur  isotope  speciation  in  a  sediment  core 
taken  from  a  coastal  salt  marsh  (see 
Cifuentes  etaL,  1989;  Cutter  and  Velinsky, 
1988;Ferdelman,  1988).  The  core  was  sec- 
tioned and  extracted  every  2.5  cm  (Table 
19)  but  due  to  mechanical  loss  of  sulfur 
between  steps  only  four  sections  survived 
the  entire  procedure.  However,  with  the 
SF6  method,  samples  as  small  as  40  jug  S 
were  analyzed.  Analysis  of  downcore 
variations  at  closely  spaced  intervals  was 
possible  because  of  the  very  small  sample 
size  needed  for  the  mass  spectrometer.  Table 
19  shows  the  data  obtained  from  this  study 
in  comparison  to  the  £*4SPyrite  (Cifuentes 
et  a/.,  1989).  The  34s  content  of  elemental 
sulfur  generally  decreased  with  depth.  At 
the  surface  the  tf^Ss0  was  +S3%o  and  it 
decreased  to +4.3%o  at  15  cm.  Below  15  cm 
the  <534Ss°  increased  slightly  to  5.3%o.  The 
isotopic  composition  of  elemental  sulfur  is 
on  average  7.5%o  greater  than  that  of  the 
co-existing  pyrite  phase.  The  large  isotope 
difference  between  pyrite  and  elemental 
sulfur  occur  as  elemental  sulfur  and  pyrite 
formed  from  dissolved  sulfide  (<?4s = -4.5). 
For  example,  isotopically  lighter  (32S) 
sulfide  could  be  selectively  incorporated 
into  pyrite,  whereas  isotopically  enriched 
(34S)  sulfide  may  be  converted  to  elemen- 
tal sulfur.  However,  it  is  also  possible  that 
a  portion  of  the  dissolved  sulfide  is  oxidized 
to  elemental  sulfur  which  then  reacts  with 
iron  monosulfides  (FeS)  to  form  pyrite 
(Berner,  1984).  Fractionation  could  occur 
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at  many  points  during  this  reaction  se- 
quence. Without  more  information,  it  is 
difficult  to  determine  the  source(s)  of  sul- 
fur to  elemental  sulfur  and  pyrite  from  this 
data  alone.  Overall,  this  procedure  along 
with  the  analysis  of  the  other  sulfur  phases 
(e.g.,  pyrite,  iron  monosulfides,  organic 
sulfur,  sulfate,  and  sulfide)  helps  in  the 
elucidation  of  the  sulfur  cycle  in  marine 
sediments. 
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New  Techniques  and  Equipment 


Techniques  for  Extraction  of  Nitrogen 

from  Silicate  Minerals  and 

Whole-Rock  Samples  for  Isotopic 

Analysis 

Gray  E.  Bebout  and  Marilyn  L.  Fogel 

Variations  in  the  natural  abundances  of 
nitrogen  isotopes  can  yield  insights  into 
many  geological  processes,  including  fluid- 
rock  interactions,  migmatization  and  mag- 
matic  processes,  and  crust-mantle  interac- 
tions. Although  the  biological  pathways  of 
N  and  resulting  isotope  fractionations  have 
been  well  studied  (e.g.,  Owens,  1987),  lit- 
tle is  known  about  N-pathways  in  the  deep 
crust  and  mantle  (e.g.,  see  Javoy  et  al., 
1986X  Studies  of  the  distribution  of  N  in 
rocks  have  been  reconnaissance  in  nature; 
detailed  studies  of  N  concentration  and 
isotopic  composition  in  geological  settings 
are  lacking,  particularly  where  integrated 
with  other  petrologic  and  geochemical 
findings. 

Previous  N  extraction  techniques  for 
isotopic  analysis  of  rocks  have  been  time- 
consuming  or  have  involved  chemical 
treatments  that  could  potentially  introduce 
fractionations  (Scalan,  1958;  Haendelera/., 
1986;  Zhang,  1988).  This  paper  describes 
an  application  of  techniques  used  routinely 
in  biogeochemical  studies  (Macko,  1981; 
Velinsky  et  a/.,  1989;  Kendall  and  Grim, 
1990)  to  analyze  N  isotopes  in  silicate 


minerals  and  whole-rock  samples.  These 
techniques  allow  rapid  acquisition  of  pre- 
cise N-isotope  analyses  for  samples  of  sizes 
feasible  for  a  wide  range  of  geological 
studies. 

In  silicate  minerals,  N  resides  as  NH4+, 
which  substitutes  readily  for  K+  (Honma 
and  Itihara,  1981);  in  some  rocks,  signifi- 
cant amounts  of  N  may  also  reside  in  fluid 
inclusions  (see  references  in  Bebout  and 
Fogel,  this  Report).  In  metamorphic  and 
igneous  settings,  NH4+  is  most  strongly 
partitioned  into  micas,  particularly  biotite. 
Through  analysis  of  coexisting  minerals  in 
igneous  and  high-grade  metamorphic  rocks, 
Honma  and  Itihara  (1981)  found  that  biotite 
has  the  highest  NH4+  content,  followed  by 
muscovite,  K-feldspar,  and  plagioclase. 
Biotite  in  igneous  and  metamorphic  rocks 
commonly  contains  >  250  ppm  NH4+ 
(Honma  and  Itihara,  1 98 1 )  and  may  contain 
up  to  5000  ppm  NH4+  (Darimont  et  ah, 
1988). 

The  methods  used  in  this  study  involve 
heating  of  mineral  separate  and  whole- 
rock  samples  with  CuO  wire,  Cu  metal,  and 
CaO  (to  remove  H2O  and  CO2;  after 
Kendall  and  Grim,  1990)  in  sealed  quartz 
tubes  for  several  hours  at  910  °C.  This 
heating  technique  results  in  release  of  the 
NH4+  and  conversion  to  N2.  Samples 
ranging  from  15  to  4000  mg  were  loaded 
into  quartz  tubes  (10  mm  o.d.,  23  cm  long) 
with  varying  amounts  of  CuO  wire  and 
granular  Cu  metal  reagents  and  CaO.  The 
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CuO  and  CaO  were  precombusted  at  850 
°C  for  2  h  and  1000  °C  for  1  h,  respectively. 
Samples  varied  in  average  grain  size,  but 
relatively  coarse  powders  (50  to  200  mesh) 
yielded  the  most  precise  results.  After 
loading,  samples  were  evacuated  while 
warmed  intermittently  with  a  heat  gun. 
The  reagents  and  samples  were  homoge- 
nized in  the  sealed  tubes  with  a  Vortex 
mixer.  Sealed  sample  tubes  were  heated  to 
910°C  (or  1000°C  for  recombustions)  for 
up  to  3  h,  then  cooled  slowly  to  700°C.  For 
the  cooling  interval  of  700°  to  500°C,  a 
cooling  rate  of  0.6  °C/min  was  used  to 
maximize  conversion  of  CO  to  CO2.  The 
calculated  CO2/CO  over  this  temperature 
interval  ranges  from  105  to  106  at  the  Cu- 
Q12O  buffer  (a  conservative  estimate  of 
oxygen  fugacity  in  the  experiments). 

Two  different  gas  purification  methods 
were  tested:  a  standard  cryogenic  technique 
with  liquid  nitrogen  and  a  molecular  sieve 
(Macko,  1981),  and  a  gas  expansion  tech- 
nique. For  the  cryogenic/molecular  sieve 
technique,  sample  tubes  were  cracked,  and 
H2O  and  CO2  were  first  trapped  in  a  cold 
finger  for  12  min  with  liquid  nitrogen.  The 
N2  was  then  absorbed  onto  molecular  sieve 
for  1 0  min  with  liquid  nitrogen  in  collection 
vessels  that  were  then  placed  on  the  inlet  of 
the  mass  spectrometer.  For  the  gas  ex- 
pansion technique,  the  N2  gas  was  released 
into  a  small-volume  glass  fitting,  then  ex- 
panded into  collection  vessels  and  allowed 
to  equilibrate  for  1  min.  Liquid  nitrogen 
was  placed  on  the  cracked  sample  tube  for 
30  to  60  s  to  collect  H2O  and  CO2  not  re- 
moved by  the  CaO.  This  technique  resulted 
in  a  transfer  of  about  30%  of  the  N2  gas  to 
the  inlet  system  of  the  mass  spectrometer. 


We  are  currently  testing  a  mercury  ram 
system  that  will  allow  compression  of  the 
N2  into  collection  vessels,  thus  maximizing 
the  transfer. 

Samples  were  analyzed  on  a  modified, 
double  inlet  Dupont  491  double-focussing 
mass  spectrometer.  Mass  scans  were  per- 
formed to  measure  intensities  of  H2O  and 
CO2  peaks,  which  indicate  incomplete  re- 
moval during  extraction  or  contamination 
from  molecular  sieves.  Argon  peaks  were 
examined  for  evidence  of  atmospheric 
contamination  (i.e.,  leakage)  during  sample 
loading  or  extraction.  The  isotopic  com- 
position of  N  is  expressed  by  the  <515N 
parameter,  defined  as: 


)5i5NJ"(15N/14N)spl-(15N/14N)std 


(15N/14N)std 


10- 


(1) 


where  the  standard  is  atmospheric  N2. 

Blanks  were  determined  for  varying 
amounts  of  each  reagent  and  for  molecular 
sieves  (Table  20).  Blanks  had  <515N  of -4  to 
+8%o,  and  were  of  sizes  corresponding  to 
about  0.1  to  0.2  (imole  of  N2.  When  mo- 
lecular sieves  were  contaminated  with  H2O 
and  CO2,  as  determined  by  mass  scans, 
blanks  were  larger  (up  to  10  jig  N)  and  had 
higher  515N  values  (+5  to  +8%o)  and 
analyses  of  standards  of  sizes  less  than  50 
to  75  jug  N  tended  to  have  £15N  higher  than 
accepted  values  by  up  to  +3  or  +A%o.  After 
heating  the  molecular  sieves  at  400  °C  for 
3  h,  blanks  were  smaller  (3  to  5  jug  N)  and 
had  S15N  nearer  zero  (Table  20),  and  <515N 
of  small  samples  of  standards  was  near 
accepted  values.  Laboratory  reference 
compounds  include  NH4(S04)2(TCH).  For 
TCH,  values  of  -0. 1  ±  0.2  were  obtained  for 
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Table  20.  Data  for  blanks,  standards,  and  reheating  experiments. 

CuO  -  Cu  -  CaO  (g)      Technique*  Size(ngN)**       515N  (%o)  Mean     Std.  Dev. 

Blanks 


+3.7  ±3.5 


3.5  -  5.0  -  0.5 

C 

3.7 

+2.5 

3.5-5.0-0.5 

c 

4.2 

+1.0 

3.5  -  5.0  -  0.5 

c 

3.8 

+7.7 

5.0  -  5.0  -  0.5 

c 

5.0 

-3.9 

5.0  -  5.0  -  0.5 

c 

4.0 

-1.6 

5.0  -  5.0  -  0.5 

c 

4.7 
Standards 

+4.3 

TCH  (Ammonium 

Sulfate) 

3.5-5.0-0.5 

E 

261 

-0.2 

3.5  -  5.0  -  0.5 

E 

331 

0.0 

3.5-5.0-0.5 

E 

81 

-0.3 

3.5-5.0-0.5 

E 

326 

+0.2 

3.5-5.0-0.5 

E 

824 

-0.3 

3.5-5.0-0.5 

E 

61 

-0.5 

3.5-5.0-0.5 

E 

201 

-0.1 

3.5-5.0-0.5 

E 

142 

0.0 

3.5  -  5.0  -  0.5 

E 

292 

-0.2 

3.5  -  5.0  -  0.5 

E 

55 

+0.2 

-0.4  ±4.2 


-0.1  ±0.2 


Buddingtonite  (ID#  117751-6  from  Smithsonian  Institution,  Washington) 
3.5-5.0-0.1  E  379  -1.2 

3.5-5.0-0.1  E  490  -1.2  -1.2  ±0.1 

3.5-5.0-0.1  E  335  -1.2 

3.5-5.0-0.1  E  899  -1.3 

Reheating  Experiments 


(3.0 -5.0 -0.25  for  all) 

6-5-68H(910°C) 

E 

<-  2*** 

6-2-27a(910°C) 

E 

<  2*** 

6-2-27a(1000°C) 

C 

5.4 

+1.4 

6-3-41  (1000  °C) 

C 

6.3 

+3.6 

6-3-41  (1000  °C) 

C 

4.7 

-0.0 

*C  =  cryogenic  techniques;  E  =  gas  expansion  technique. 

**estimated  equivalent  micrograms  N  using  ion  intensity  of  N2  observed  in  calibrated  volume 

of  mass  spectrometer. 

***gas  expansion  technique;  -30%  recovery  of  gas,  thus  samples  were  too  small  to  analyze 
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10  analyses,  with  the  gas  expansion  tech- 
nique, for  samples  corresponding  to  50  to 
400  |Xg  N  (Table  20).  Velinsky  etal.  (1989) 
reported  similar  precision  for  analyses  of 
-100  jig  samples  of  the  TCH  standard  with 
the  cryogenic  techniques.  Nitrogen  con- 
centration was  estimated  from  the  ion  in- 
tensity of  N2  observed  in  a  calibrated  vol- 
ume of  the  mass  spectrometer. 

Introduction  of  CO2  into  the  source  of 
mass  spectrometers  is  known  to  result  in 
the  production  of  CO  due  to  electron  im- 
pact (the  two  major  mass  peaks  for  CO, 
masses  28  and  29,  are  the  same  as  for  N2). 
For  many  relatively  high-C  (up  to  1.8  wt. 
%),  low-N  samples  (<  100  ppm;  C/N  up  to 
250),  #5n  for  samples  of  <  50  [ig  is  de- 
flected to* higher  values  (see  data  for  cryo- 
genic methods  in  Fig.  64).  At  larger  samples 
sizes,  isotope  values  reached  a  common 
value  (e.g.,+3.6±0.3%o;  Fig.  64),  indicating 
the  effect  of  a  background  for  small  samples. 
Although  analysis  of  larger  samples  gener- 
ally alleviated  the  blank  problem  (Fig.  64), 


50 

75 

ugN 

100  125   150 

17,5  2qo 

7  • 

■ 

B 
B 
% 

B 

6- 

Sample  6-3-25 

2 
£       5- 

4- 

a 
B 

a 
■ 

B 

cryogenic 
technique 

H    expansion 
technique 

0   t» 

3. 

■ 

0    1000   2000   3000   4000   5000 

Sample  Size,  mg 


Fig.  64.  Sample  515N  vs.  sample  size,  demon- 
strating higher  values  of  515N  for  smaller  samples 
ofalow-NTnigh-Cmetasedimentaryrock.  Samples 
were  prepared  by  cryogenic  methods  and  gas 
expansion  techniques. 


sample  sizes  necessary  for  these  experi- 
ments are  prohibitively  large  for  mineral 
separate  work  (up  to  4  g)  and  may  introduce 
various  kinetic  problems  during  combus- 
tions. 

Experimentation  with  molecular  seives, 
by  using  different  freezing  and  degassing 
procedures,  indicated  that,  for  small 
samples,  contamination  by  other  gases  or 
residual  N2  from  sieves  may  alter  the  iso- 
tope values.  We  observed  that  the  molecular 
sieves  released  significant  H2O  and  CO2 
after  routine  use  with  large,  high-C/N 
samples  for  several  months.  After  heating 
of  the  molecular  sieves  at  400°C  for  3  h,  and 
when  CaO  was  added  to  the  quartz  tubes, 
the  background  problems  for  the  cryogenic 
technique  were  reduced  somewhat.  How- 
ever, expansion  of  the  gas  into  a  collection 
vessel  without  the  use  of  a  molecular  sieve 
seemed  to  yield  the  best  results  for  small 
samples  and  was  considerably  more  rapid. 
Figure  64  shows  <515N  values  obtained  for 
samples  corresponding  to  as  low  as  40  to  50 
|ig of  N (#5N  =  +3.6±0A%o;  n  =  3).  These 
data  were  obtained  through  analysis  of 
only  30%  of  the  released  gas;  more  complete 
transfer  with  the  mercury  ram  system  may 
improve  analytical  precision.  With  few 
exceptions,  CaO  added  to  the  tubes  ap- 
peared to  remove  effectively  H2O  and  CO2 
from  the  N2,  based  on  mass  scans  of  the  gas 
samples. 

It  appears  that,  for  some  whole-rock 
samples  where  the  C/N  is  unusually  high, 
the  reaction  with  CaO  does  not  result  in 
complete  removal  of  CO2.  Extractions  by 
the  gas  expansion  technique,  with  and 
without  placement  of  liquid  nitrogen  on  the 
sample  tube,  resulted  in  systematic  varia- 
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tions  in  <515N.  An  extraction  for  one  high- 
N  sample  without  this  last  liquid  nitrogen 
step  resulted  in  a  S15N  value  of  +2.4%c, 
higher  than  those  obtained  through  analy- 
sis of  larger  samples  (515N  =  +2.0  ±  0.1%o; 
n  =  6)  by  the  cryogenic  methods.  A  mass 
scan  of  this  sample  showed  significant  CO2 
peaks.  After  freezing  with  liquid  nitrogen, 
CO2  peaks  in  a  mass  scan  of  a  separate 
extraction  of  that  sample  were  at  back- 
ground levels,  and  a  <515N  of  +l.9%o  was 
obtained,  similar  to  those  obtained  through 
analysis  of  large  samples.  For  one  low-N 
sample,  a  value  of  +4.8%o  was  obtained 
when  liquid  nitrogen  was  not  used;  four 
extractions  of  the  same  sample  using  liquid 
nitrogen  yielded  <515N  of  +4.2  ±  02%o. 

Several  lines  of  evidence  indicate  that 
complete  yields  were  obtained  through  the 
heating  techniques.  First,  the  linear  rela- 
tionship (/?2  >  0.95)  between  sample  size 
and  voltage  readings  formost  samples  (e.g., 
Fig.  65)  indicates  complete  release  or  that 
the  same  fraction  of  the  N  was  obtained  in 


M-9 

N 

100 

150 

200                  25 

0  7 

1 

1 

>^3.84 

> 

0.6- 

<D 

0.5. 

0 

> 

Sample 
7-3-43 

0.4- 
0.3- 

^3.90 

-*3.85 

(3.86  ±  0.03) 

600   700   800   900   1000  1100  1200 

Sample  Size,  mg 

Fig.  65.  Relationship  between  sample  size  and 
voltage  readings  on  the  mass  spectrometer  for  one 
metasedimentary  whole-rock  sample.  Offsets  of 
y-intercepts  from  zero  are  thought  partly  to  repre- 
sent slight  non-linear  behavior  over  large  voltage 
ranges;  in  general,  they  are  near  zero. 


each  reaction.  Reaction  products  were  re- 
heated for  various  lengths  of  time  and  at 
910  °C  and  1000  °C  to  test  for  incomplete 
reaction  (Table  20).  In  general,  the  amounts 
of  N2  were  similar  to  or  slightly  higher  (< 
0.3  jimole  N2)  than  those  of  blanks  (Table 
20).  Reaction  products  were  analyzed  us- 
ing a  Carlo-Erba  CNS  analyzer  by  David 
Velinsky  at  the  University  of  Delaware.  No 
appreciable  N  was  detected;  however,  a 
systematic  analysis  of  backgrounds  was 
not  done.  One  buddingtonite  sample  from 
the  collection  at  the  Smithsonian  Institution 
of  Washington  (ID#:  1 1775 1-6),  for  which 
an  independent  measure  of  N  concentra- 
tion was  available,  was  analyzed  for  N 
concentration  and  isotopic  composition. 
Determinations  of  N  concentration  by  us- 
ing the  voltage  readings  are  within  0.05  wt 
%  of  the  previously  reported  concentration 
value  (1.69  ±  0.05  wt.  %  N).  The 
buddingtonite  sample  yielded  a  linear 
relationship  between  sample  size  and 
voltage  (R2  >  0.99;  Fig.  65)  and  precise 
isotope  values  (<515N  =  - 1 .2  ±  0.  \%o\  n  =  4). 
Whereas,  in  the  heating  of  organic 
matter,  the  samples  can  be  assumed  to  be 
entirely  combusted  to  gases,  heating  of 
silicate  and  whole-rock  samples  always 
results  in  residual  silicate  material.  An 
understanding  of  the  mechanisms  by  which 
N  is  released  is  of  critical  importance.  Al- 
though some  minerals  are  unstable  at  the 
conditions  of  the  experiments  (e.g.,  musco- 
vite,  biotite,  most  amphiboles,  clay  miner- 
als) and  are  expected  to  release  their  N  by 
decomposition,  others  are  not  obviously 
unstable  (e.g.,  feldspar,  quartz)  and  prob- 
ably release  their  N  by  other  mechanisms. 
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One  possible  mechanism  is  diffusive  trans- 
port into  the  fluid  phase.  Results  of  the 
reheating  experiments  indicate  that,  if  dif- 
fusive release  occurs,  temperature  and  du- 
ration of  the  experiments  is  sufficient  for 
such  release  (Table  20). 

Although  these  techniques  cannot 
presently  rival  the  fusion  techniques  in 
sensitivity  (Zhang,  1988),  they  are  well- 
suited  for  routine  and  rapid  analysis  of 
relatively  high-N  samples  (>  25  ppm).  By 
using  the  gas  expansion  techniques,  we  are 
able  to  analyze  20  to  30  samples  in  one  day, 
compared  with  the  1.5  days  per  analysis 
reported  by  Zhang  (1988)  for  low-N  (<  5 
ppm)  samples.  Current  work  on  this  prob- 
lem attempts  to  optimize  volume  relation- 
ships in  the  simple  gas  expansion  tech- 
nique. The  mercury  ram  system  will  allow 
up  to  -95%  recovery  of  the  N2  and,  thus, 
analysis  of  increasingly  smaller  samples 
and  samples  with  increasingly  lower  N- 
concentrations. 
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Development  of  the  Sulfur 

Hexafluoride  Method  For 

Sulfur  Isotope  Analysis 

Thomas  C.  Hoering 

Advances  in  geochemistry  are  depen- 
dent upon  the  development  of  new  analytical 
methods  for  obtaining  increased  precision 
and  accuracy  on  ever-smaller  samples.  This 
paper  describes  an  improved  method  for 
measuring  variations  in  the  abundance  of 
all  the  stable  isotopes  of  sulfur  in  samples 
of  geochemical  interest.  It  uses  sulfur 
hexafluoride,  SFfr  as  the  gas  for  introduc- 
ing sulfur  isotopes  into  a  dedicated 
Finnigan-MAT  251  Isotope  Ratio  Mass 
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Spectrometer  that  has  four  collectors  for 
simultaneous  collection  of  all  isotopes.  The 
first  version  of  this  method  was  developed 
at  the  Geophysical  Laboratory  and  de- 
scribed by  Puchelt  et  al.  (1971). 

Sulfur  has  four  stable  isotopes  with  the 
following  absolute  abundances:  32S  = 
95.1%,  33S  =  0.74%,  34s  =  4.16%  and  36s 
=  0.0137%.  In  isotope  geochemistry,  rather 
than  measuring  absolute  abundances,  one 
is  interested  in  measuring  variations  in 
abundances  relative  to  an  arbitrary  standard 
(troilite  from  Canyon  Diablo  meteorite).  In 
the  new  method,  the  ratios  of  ^Sft2S,  34s/ 
32s  and  36s/32s  are  measured  directly  in 
the  reference  material  and  in  the  unknown 
sample  and  the  results  presented  in  the 
usual  delta  notation; 


'33C/32< 


g33s  =  (-S/-S)x,lxl()3 

(33S/32S)S 


(1) 


where  the  subscript*  refers  to  the  unknown 
and  subscript  s  to  the  standard.  Similar 
expressions  define  <534S  and  <536s. 

Sulfur  isotope  geochemistry  is  con- 
ducted conventionally  by  measuring  only 
34S/32s  ratios  where  sulfur  dioxide,  SO2  is 
used  as  the  gas.  Although  this  method  has 
had  forty  years  of  development  and  is  used 
widely,  some  problems  remain.  Sulfur  di- 
oxide is  sensitive  to  moisture  and  is  sorbed 
strongly  onto  surfaces  in  vacuum  systems. 
Large  blanks  and  backgrounds  can  occur, 
thereby  limiting  the  minimum  size  of 
sample  that  can  be  analyzed.  There  are 
several  advantages  in  the  use  of  SF6  rather 
than  SO2.  It  is  non-polar,  hydrophobic,  and 


chemically  inert,  rivalling  nitrogen.  Thus, 
it  is  not  sorbed  strongly  on  surfaces  and 
gives  little  memory  effect.  Fluorine  has 
only  one  stable  isotope,  19F,  whereas 
oxygen  has  three,  160, 170  and  180.  There 
are  no  problems  of  interfering  isotopic 
molecules,  therefore,  in  SF6  as  there  are 
with  SO2.  Rees  (1978)  compared  the  ap- 
plicability of  the  two  methods  for  measuring 
sulfur  isotope  ratios  and  found  that  the 
hexafluoride  technique  yielded  results  with 
better  precision. 

The  sulfur  hexafluoride  method  has  not 
gained  wide  acceptance  for  measuring 
sulfur  isotopes  in  spite  of  its  advantages 
mainly  because  it  requires  the  use  of  ex- 
tremely reactive  fluorinating  agents  such 
as  the  halogen  fluorides.  Yet,  such  reagents 
are  now  employed  widely  in  geochemistry 
for  releasing  oxygen  from  silicate  minerals 
for  isotopic  analysis.  They  can  be  handled 
safely  and  routinely  if  the  properprecautions 
are  observed. 

The  goals  of  the  present  research  are  (1) 
to  develop  a  routine  method  for  sulfur 
isotope  analysis  that  has  a  better  precision 
and  accuracy  than  the  present  ones,  (2)  to 
measure  simultaneously  variations  in  the 
abundances  of  all  stable  sulfur  isotopes, 
and  (3)  develop  methods  for  the  isotopic 
analysis  of  small  samples. 

Only  a  brief  outline  of  the  method  is 
given  here.  A  more  complete  description 
will  be  published  elsewhere.  All  sulfur  in  a 
sample  is  converted  to  a  sulfide,  preferably 
Ag2S.  Sulfates  will  not  react  directly,  but 
are  reduced  by  established  procedures.  The 
sulfides  are  reacted  with  bromine 
pentafluoride,  BrFs  for  four  hours  at  400°C 
in  an  apparatus  described  by  Clayton  and 
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Mayeda  (1963)  for  the  analysis  of  oxygen 
isotopes  in  silicate  minerals.  The  product 
is  isolated  from  excess  BrF5  and  reaction 
products  by  cryogenic  distillation,  chemi- 
cal scrubbing  and  purified  by  preparative 
gas-solid  chromatography.  Sulfur 
hexafluoride  has  a  boiling  point  and  melt- 
ing point  similar  to  that  of  carbon  dioxide 
and  can  be  transferred  in  a  vacuum  system 
at  the  temperature  of  liquid  nitrogen. 

The  gas  chromatographic  purification 
is  crucial  because  trace  impurities  such  as 
carbonaceous  material  react  to  produce 
contaminants  with  interfering  mass  spectra. 
The  yields  of  product  are  consistently  over 
80%  and  the  losses  occur  in  the  purification 
step  rather  than  during  the  reaction  with 
BrF5.  No  sulfur  remains  in  the  reaction 
vessels.  Apparently,  little  isotope  frac- 
tionation occurs  during  the  loss  as  there  is 
no  correlation  between  measured  isotope 
ratios  and  yields. 

At  its  present  state  of  development,  33S/ 
32S  and  34  S/32S  ratios  measured  by  the 
SF6  method  have  a  good  precision.  Typi- 
cally, replicate  runs  have  a  standard  de- 
viation from  0.1  to  0.2%o  for  834S.  Mea- 
surement of  the  36S/32S  ratio  still  presents 
problems  due  to  trace  fluorocarbon  impuri- 
ties that  yield  the  ion  (C3F5+)  which  over- 


laps the  36SF5+  ion  at  mass  131.  Efforts  are 
continuing  to  find  the  source  of  the  carbon 
and  to  develop  an  efficient  method  for 
separating  the  impurities  from  the  product. 

Several  widely-used  sulfur  isotope  ref- 
erence materials  that  have  been  measured 
in  other  laboratories  have  been  analyzed 
here  and  a  comparison  of  the  results  are 
given  in  Table  21 .  The  agreement  is  excel- 
lent. 

The  SF6  method  has  been  used  to  mea- 
sure <533S  and  &4S  on  suites  of  samples 
from  three  widely  different  geochemical 
environments.  Some  of  these  results  are 
given  in  other  sections  of  this  Annual  Re- 
port. In  all  cases,  so  far,  the  mass  depen- 
dence of  isotope  fractionation  is  given  by 
the  equation: 

In  633S  =  0.5 1 2  ±0.002  In  &*S.      (2) 

This  equation  defines  the  "normal"  frac- 
tionation line  against  which  "non-mass 
dependent"  and  nuclear  isotope  effects  can 
be  compared. 

A  major  advantage  of  the  new  SF6 
method  is  its  ability  to  handle  very  small 
samples;  a  feature  not  possible  with  exist- 
ing methods  that  require  a  milligram  of 
sulfur.  In  another  section,  Velinsky  et  al. 


Table  21.  Comparison  of  results  on  isotope  reference  materials 
SAMPLE         #4S  (literature  value)    #4S  (SF6  method) 


OGD  BaS04 

+20.58 

+20.57 

Seawater  Sulfate 

+20.99 

+20.91 

Soufre  de  Lac 

+16.8 

+16.92 

NZ-1 

0 

-0.05 

Rees-McMaster  217-6 

+23.01 

+23.04 
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(this  Report)  describes  isotope  ratio  mea- 
surements with  50  [ig  of  sulfur.  With  the 
new  micro-inlet  system  that  has  been  in- 
stalled recently  on  the  mass  spectrometer, 
analysis  of  10  |ig  with  good  precision  is 
possible.  A  set  of  micro-reaction  vessels 
has  been  fabricated  and  techniques  for  han- 
dling such  small  quantities  are  being  de- 
veloped. 

Future  plans  include  adapting  the  laser 
heating  technique  developed  at  the  Geo- 
physical Laboratory  by  Sharp  (1990)  to 
sulfur  isotope  analysis.  With  this  technique 
and  the  ability  handle  small  samples,  it 
should  be  possible  to  measure  the  spatial 
distribution  of  sulfur  isotopes  at  the  10  to 
100  urn  level.  Eldridge  (1989),  who  used  an 
ion  microprobe,  found  marked  heteroge- 
neities in  sulfur  isotope  ratios  in  a  number 
of  ore  samples.  The  precision  of  measure- 
ment using  the  SF6  method  should  be  much 
greater. 

In  conclusion,  a  number  of  the  goals  of 
this  project  have  been  achieved  and  others 
are  within  reach.  A  highly  precise  method 
for  measuring  variations  in  the  abundance 
of  the  stable  sulfur  isotopes  has  been  de- 
veloped. The  ability  to  measure  small 
samples  is  unprecedented.  Several  prob- 
lems remain  to  be  solved,  for  example, 
measurement  of  the  heavy,  rare  isotope 
36S.  The  isolation  and  purification  step 
must  be  perfected  in  order  to  obtain  quan- 
titative yields.  Also,  the  method  needs  to 
be  streamlined  to  enhance  sample  through- 
put. At  present,  it  is  somewhat  slow  and 
operator  dependent. 
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a  new  method  for  oxygen  isotope 

analysis  of  phosphates: 

Hydrogen  reduction  of  silver  phosphate 

Ellen  K.  Wright  and  Thomas  C.  Hoering 

There  is  continued  interest  in  oxygen 
isotope  analysis  of  phosphates  for 
paleotemperature  reconstructions,  but  the 
analytical  procedures  for  this  measurement 
are  not  fully  routine.  Last  year  (Wright  and 
Hoering,  1989),  we  described  a  simplifi- 
cation of  the  existing  purification  method 
that  included  ion  exchange  techniques  and 
precipitation  of  phosphate  ions  as  silver 
phosphate  rather  than  the  conventionally 
used  bismuth  phosphate  (Wright  and 
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Hoering,  1989).  Although  the  method 
showed  great  promise,  we  were  unable  to 
achieve  routinely  the  desired  precision  of 
measurement  for  oxygen  isotopes  by  the 
bromine  pentafluoride  -  silver  phosphate 
technique.  After  examining  a  great  number 
of  experimental  parameters,  we  believe 
that  our  problems  are  similar  to  those  de- 
scribed by  Longionelli  and  Nuti  (1973) 
who  traced  the  trouble  to  the  silver  solder 
used  in  fabricating  nickel  reaction  vessels. 
Substitution  of  vessels  that  were  welded, 
rather  than  brazed,  did  not  solve  the  prob- 
lems of  analyzing  phosphates,  although  the 
system  yielded  excellent  results  when  ap- 
plied to  oxygen  isotopes  in  silicate  miner- 
als. 

A  decision  was  made  to  take  a  com- 
pletely different  approach  and  a  new  method 
is  being  developed  that  consists  of  three 
steps: 

(1)  Isolation  of  phosphate 
from  geological  samples 
as  silver  phosphate. 

(2)  Quantitative  reduction  of 
silver  phosphate  to  silver, 
phosphorous  and  water 
with  hydrogen  gas. 

(3)  Quantitative  conversion  of 

water  to  carbon  dioxide 
by  reaction  with  guanidine 
hydrochloride. 
The  oxygen  of  the  phosphate  ions  are  iso- 
lated from  other  oxygen  bearing  ions  in  the 
first  step,  transformed  to  water  molecules 
in  the  second  step,  converted  into  carbon 
dioxide  in  the  third  step,  and  finally  analyzed 
for  oxygen  isotopes  by  standard  mass 
spectrometric  procedures. 


Steps  (1)  and  (3)  are  well  developed 
techniques.  Baxter  and  Jones  (1910)  and 
Firsching  (1961)  have  shown  that  silver 
phosphate  can  be  precipitated  quantitatively 
and  dried  completely  to  yield  non-hygro- 
scopic crystals.  Dugan  et  al.  (1985)  and 
Wong  etal.  (1987)  compared  the  guanidine 
method  for  the  isotopic  analysis  of  water 
with  the  conventional  carbon  dioxide 
equilibration  method  and  found  that  it  gave 
comparable  results. 

The  reduction  of  silver  phosphate  with 
hydrogen  has  been  studied  by  Hutter  (1953). 
The  reaction  occurs  in  two  steps.  First,  (at 
about  200°C)  the  silver  phosphate  is  reduced 
to  phosphoric  acid  and  elemental  silver: 

2Ag3P04  +  3H2  =  2H3P04  +  6Ag.  (1) 

In  the  next  step  (at  about  500°C)  the 
phosphoric  acid  is  reduced  to  water  and 
elemental  phosphorous: 

2H3PO4  +  5H2  =  8H20  +  2P.        (2) 

The  rate  of  the  second  step  is  accelerated  by 
metallic  silver,  and  Hutter  (1953)  reports 
that  the  two  reactions  are  quantitative. 

Figure  66  is  a  sketch  of  the  apparatus  in 
which  steps  (2)  and  (3)  are  performed.  All 
steps  are  carried  out  under  high  vacuum  in 
vessels  that  have  been  carefully  dried  and 
outgassed.  Reactions  are  performed  in 
sealed  glass  tubes.  Fifteen  milligram  of 
dried  silver  phosphate  and  15  mg  of  silver 
catalyst  are  placed  in  a  10  mm  diameter 
fused  silica  tube  and  evacuated  (section  A, 
Fig.  66).  The  tube  is  filled  with  a  two-fold 
excess  of  hydrogen  gas  and  sealed  off  with 
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Fig.  66.  Sketch  of  vacuum  line  apparatus  used  in  reduction  of  silver  phosphate.  Section  (A)  consists  of 
a  fused  silica  tube  containing  the  dried  silver  phosphate  and  silver  catalyst,  which  is  evacuated,  filled  with 
a  two  fold  excess  of  hydrogen  gas,  and  sealed  off.  Section  (B)  consists  of  a  bellows  device  for  cracking 
open  the  fused  silica  tube  under  vacuum.  A  side  arm  of  pyrex  glass  containing  guanidine  is  attached  to 
the  bellows  device.  Section  (C)  consists  of  the  cracking-reaction  chamber  for  the  production  of  carbon 
dioxide,  the  manometer,  and  the  sample  bulb  inlet  for  collection  of  the  carbon  dioxide. 


a  torch.  The  reaction  mixture  is  heated 
slowly  to  500°C  and  held  there  for  4  hours. 
After  -cooling,  the  tube  is  connected  to 
section  (B)  which  consists  of  a  bellows 
device  for  cracking  open  the  fused  silica 
tube  under  vacuum  and  a  side  arm  of  Pyrex 
glass  containing  guanidine  hydrochloride. 
The  guanidine  is  melted  under  vacuum  to 
remove  any  residual  trace  of  water.  The 
section  above  the  silica  tube  is  wrapped 
with  heating  tape  while  the  end  of  the  tube 
is  immersed  in  liquid  nitrogen.  The  silica 
tube  is  cracked  open  and  the  residual  hy- 
drogen gas  is  pumped  away.  Then  the 
system  is  isolated  from  the  vacuum,  and  the 
water  distilled  into  the  guanidine  at  liquid 
nitrogen  temperature.  The  glass  tube  is 
then  sealed  off  under  vacuum  and  reacted 


at  260°C  for  16  hours;  the  following  reac- 
tion occurs: 


NH2C:(NH)NH2-HC1  +  2H20    = 

Guanidine  hydrochloride        water 

NH4NH2CO2    +      NH4CI.  (3) 

ammonium  carbamate  ammonium  chloride 


The  sealed  tube  is  next  placed  in  section 
(C)  of  Figure  66,  evacuated,  cracked  open 
and  reacted  with  100%  phosphoric  acid  at 
80°C  for  one  hour;  the  following  reaction 
occurs: 


NH4NH2CO2     +      H3PO4 
ammonium  carbamate   phosphoric  acid 

(NH4)3P04       +        C02.  (4) 

ammonium  phosphate      carbon  dioxide 
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The  carbon  dioxide  yield  is  measured, 
then  transferred  to  a  sample  bulb,  and  re- 
moved for  introduction  into  the  inlet  of  the 
mass  spectrometer. 

Although  the  analysis  has  several  steps, 
the  experiment  can  be  carried  out  easily 
and  there  is  little  opportunity  for  loss  of 
water.  The  method  is  intrinsically  simpler 
and  safer  than  the  bromine  pentafluoride 
technique. 

At  the  present  state  of  development, 
there  is  somewhat  less  than  quantitative 
conversion  of  silver  phosphate  to  carbon 
dioxide.  Consequently,  the  measured 
oxygen  isotope  ratios  are  quite  variable  and 
lower  than  expected.  Possibly  the  fused 
silica  tubing  may  not  be  inert  to  water  and 
phosphoric  acid  at  reduction  temperatures 
(Mysen,  1988).  We  are  examining  if  this  is 
the  case  and  experimenting  with  lower 
reduction  temperatures.  As  an  alternate, 
methods  for  sealing  the  sample  and  hy- 
drogen in  a  nickel  reaction  tube  and  a 
system  for  puncturing  the  tube  under 
vacuum  are  being  designed. 
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Mabel  B.  Mattingly,  Department  Secre- 
tary14 

Mary  M.  Moore,  Word  Processor  Opera- 
tor—Receptionist 

Lawrence  B.  Patrick,  Maintenance  Super- 
visor 

David  Ratliff,  Jr.,  Maintenance  Technician 
Pedro  J.  Roa,  Maintenance  Technician 
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Susan  A.  Schmidt,  Coordinating  Secretary 
John  M.  Straub,  Business  Manager 
Mark  Vergnetti,  Instrument  Maker 


Adjunct  Senior  Research  Scientist 


Peter  M.  Bell15 


Visiting  Investigators 


Emeritus 


Norma  Bakun-Czubarow,  Polish  Academy 
of  Sciences,  Warszawa 
Naomi  Blackmon,  Columbia  Union  College 
Alison  Brooks,  George  Washington  Uni- 
versity 

Ronald  E.  Cohen,  Naval  Research  Labora- 
tory 

David  H.  Freeman,  University  of  Mary- 
land 

Jaidong  Ko,  SUNY,  Stony  Brook 
Julie  E.  Kokis,  George  Washington  Uni- 
versity 

Stephen  A.  Macko,  University  of  Virginia 
Robert  Popp,  Texas  A.  and  M. 
Claudia  Rawn,  National  Institutes  of 
Standards  and  Technology 
Andrew  Sillen,  University  of  Cape  Town, 
S.A. 

Yali  Su,  University  of  Maryland 
Bradley  Tebo,  Scripps  Institution  of 
Oceanography 

Noreen  C.  Tuross,  Smithsonian  Institution 
Yan  Wu,  University  of  California,  Berke- 
ley 


Hatten  S.  Yoder,  Jr.,  Director  Emeritus 
Felix  Chayes,  Petrologist  Emeritus 


i  To  June  1,1990. 

2  From  Oct.  26,  1989. 

3  From  Oct.  1,  1989. 

4  From  July  1,1989. 

5  From  Sept.  16,  1989. 

6  To  Sept.  15,1989. 

7  From  Nov.  18,1989. 

8  From  Oct.  1,1989. 

9  To  December  31,  1989. 

10  From  Sept.  1,1989. 

11  To  June  30,  1990. 

12  To  June  30,  1990. 

13  To  June  30,  1990. 

14  Retired  March  31,  1990. 

15  From  Jan.  1,  1990. 


